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PREFACE   TO   THE   SECOND   EDITION 


The  author  believes  that  the  Second  Edition  of  "Financial 
Engineering"  will  be  found  considerably  superior  to  the  First 
Edition,  especially  in  the  introductory  chapter.  This  improve- 
ment is  due  to  the  frank  and  generous  criticism  of  those  who 
have  been  using  this  work,  and  especially  to  Dean  G.  M.  Butler, 
whose  keen  critical  abihty  and  happy  phraseology  have  made 
the  first  chapter  clearer,  more  accurate,  and  more  attractive. 

Extension  and  improvement  of  the  technique  has  also  been 
made.  Special  attention  is  called  to  the  Benitz  Transformation, 
which  is  of  much  interest  and  value,  and  which  suggested  the 
extension  of  the  term  factor  to  all  fundamental  financial  calcu- 
lations. The  introduction  of  expenditure,  excess  worth,  credit 
vestance,  and  partial  vestance  makes  possible  the  handling 
of  larger  problems  in  Financial  Engineering.  Partial  vestance 
makes  it  possible  to  plan  on  future  needs  more  accurately  and 
to  reduce  the  cost  of  inadequacy.  Expenditure,  and  a  more 
exact  definition  of  cost,  have  made  it  possible  to  determine 
price — not  the  price  that  may  be  paid,  but  that  which  should 
be  paid  and  demanded.  Excess  worth  and  credit  vestance 
make  it  possible  to  show  the  value  produced  by  the  entre- 
preneur, the  one  who  creates  an  improvement,  whether  of  a 
machine  or  of  an  organization. 

To  the  many  able  men  who  have  so  generously  given  of 
their  time  and  ability,  and  have  thus  made  the  present  improve- 
ment possible,  the  author  expresses  his  sincere  appreciation. 

O.  B.  Goldman. 

Tucson,  Arizona. 
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PREFACE    TO    THE    FIRST    EDITION 

AN  engineer  must  know  the  properties  of  all  material  with 
which  he  comes  in  contact  and  he  must  understand 
thoroughly  the  action  and  limitations  of  all  machines  and 
instruments  which  he  is  called  upon  to  use  or  test,  as  well  as 
the  proper  application  of  the  same.  More  than  this,  he  should 
know  how  to  translate  engineering  factors  into  dollars  and 
cents.  In  addition  he  must  know  how  to  install  a  service  not 
necessarily  at  the  highest  mechanical  or  electrical  efhciency, 
which  may  prove  and  often  does  prove  far  too  expensive,  but 
always  with  regard  to  the  highest  financial  efficiency  so  the 
resulting  service  will  be  rendered  with  the  least  effort,  in  the 
preparation  for  the  service  and  its  actual  rendition.  This  is 
Financial  Engineering. 

Technical  Engineering  must  be  supplemented  by  Financial 
Engineering  to  make  a  complete  and  harmonious  system. 
What  is  demanded  of  the  Financial  Engineer  is  a  solution  in 
terms  of  money,  the  standard  measure  of  commerce.  Every 
engineer  in  a  responsible  position  has  felt  this  and  likewise 
the  need  of  a  definite,  scientific  method  of  determining  the 
comparative  value  of  all  things  which  he  must  use  and  the 
value  of  systems  and  of  investments  in  general.  He  has  felt 
the  need  of  a  correct  method  of  determining  the  financial 
efficiency  of  undertakings,  not  merely  as  a  whole,  but  element 
by  element,  so  that  all  losses  might  be  discovered,  and  so  that 
the  size  and  design  for  best  economy  might  be  determined.  It 
was  because  of  this  demand  that  the  author  devoted  so  much 
of  his  time,  over  a  period  of  fourteen  years,  to  the  development 
of  Financial  Engineering. 

Financial  Engineering  does  not  invade  the  field  of  Economics. 
As  a  science  it  is  founded  on  facts  as  all  true  science  must  be 
and  each  fact  is  thoroughly  checked.     Financial  Engineering 
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is  just  as  applicable  to  a  farm  as  to  a  railroad,  just  as  applicable 
to  a  store  as  to  a  power  system.  It  extends  engineering  over 
business  and  administrative  problems. 

This  book  is  written  primarily  for  the  practicing  engineer. 
All  mathematical  deductions  are  worked  out  in  detail,  leaving 
no  gaps  for  the  reader  to  bridge.  Many  examples  are  also 
fully  worked  out,  to  illustrate  the  practical  applications  of  the 
technique.  The  author  has  found  by  experience,  that  with  the 
aid  of  an  instructor,  students  can  master  the  subject  well. 
Like  the  practicing  engineer,  they  are  greatly  interested  in  it, 
and  seek  it  with  greater  avidity  than  any  other  course  within 
the  author's  experience. 

The  work  in  its  various  stages  of  development  has  been 
repeatedly  submitted  to  engineers,  in  articles,  lectures  and 
addresses,  so  that  it  has  had  the  benefit  of  their  criticisms  and 
suggestions.  The  Author's  obligation  extends  to  so  many 
that  he  is  unable  to  do  justice  to  all.  Especial  obligation  is 
acknowledged  to  Messrs.  Kremers,  Johnson  and  Byrne,  and  to 
Professor  Teeter;  also  to  the  General  Electric  Co.,  the  Westing- 
house  Co.,  and  Gordon  and  Finkheimer,  of  Portland,  Oregon, 
for  authentic  data  on  the  performance  and  costs  of  engineering 
equipment  beyond  that  which  had  been  accumulated  by  the 
author. 

O.  B.  Goldman. 
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FINANCIAL  ENGINEERING 

CHAPTER  I 
INTRODUCTION 

1.  In  designing  a  system  for  the  generation  and  distribution 
of  power,  in  laying  out  a  factory  for  the  manufacture  of  a 
certain  article,  or  in  the  rendition  of  any  other  service,  the 
duties  of  the  engineer  are  twofold:  In  the  first  place,  he  must 
so  design  the  system  that  it  will  operate  with  reasonable  con- 
tinuity; in  the  second  place,  he  must  so  design  the  system  that 
it  will  operate,  not  only  with  reasonable  economy,  but  with  the 
best  possible  economy.  In  any  system  already  built  and  in 
operation,  the  engineer  should  be  able  to  determine  the  exact 
unit  cost  of  production  of  the  service  as  well  as  to  ascertain  what 
parts  of  the  system  are  operating  with  good,  and  what  with 
low  economy,  so  that  all  leaks  may  be  closed.  In  the  following 
pages  we  shall  treat  of  the  definite  and  exact  solution  of  such 
problems,  both  in  technique  and  in  practical  application. 

2.  The  entire  problem  of  financial  engineering,  naturally 
divides  itself  into  two  parts,  namely: 

(a)  Cost  segregratlon  and 

(b)  Cost  analysis. 

Cost  segregation  deals  with  the  proper  allocation  of  the 
various  items  of  expense,  and  their  division  and  arrangement  as 
best  suited  for  cost  analysis.  This  is  essentially  the  book- 
keeping phase  of  the  problem,  and  will  therefore  be  presented 
in  the  following  pages  only  where  absolutely  necessary. 

Cost  analysis  deals  with  the  utilization  of  the  data,  obtained 
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from  cost  segregation,  together  with  all  available  engineering 
data,  for  the  purpose  of  reaching  conclusions  as  to  the  economy 
of  a  system  as  a  whole  or  in  part  no  matter  whether  the  system 
is  proposed  or  already  exists. 

3.  Primarily,  the  cost  of  production  governs  the  price  of  any 
commodity  or  service;  for  it  is  evident  that  at  least  the  cost  of 
the  service  must  be  recovered  if  the  organization  is  to  continue 
the  service  for  any  appreciable  length  of  time.  Usually  the  real 
or  net  profits  are  very  small,  especially  for  large  organizations. 
They  often  vary  from  only  2%  of  the  annual  sales  down  to  a  frac- 
tion of  1%.  This  being  so,  we  can,  with  small  error,  substitute 
comparably  stable  costs  for  the  highly  variable  and  more  or  less 
erratic  prices,  and  thus  make  possible  a  relatively  exact  and 
scientific  treatment  of  this  subject.  These  figures  show,  further, 
that  the  possible  rewards  for  the  improvement  in  the  rendition 
of  a  service  are  very  great  in  comparison  with  the  profits  nor- 
mally made,  and  that  they  are  therefore  well  worth  attainment. 

It  should  be  thoroughly  appreciated  that  ''  an  equipment 
must  earn  its  costs  and  profits  while  in  operation,  for  certainly 
it  cannot  do  so  while  idle."^  As  will  be  shown  later,  the  fixed 
charges  continue,  whether  the  plant  is  in  operation  or  idle,  and 
therefore  a  plant  or  other  equipment  that  is  idle  a  large  part 
of  the  year  must,  during  the  time  it  is  in  operation,  earn  enough 
not  only  to  pay  for  its  costs  while  it  is  in  operation,  but  also 
enough  to  pay  for  the  accumulated  fixed  charges  for  the  time 
it  was  idle.  If  the  equipment  is  idle  much  of  the  time,  the 
efficiency  of  the  equipment  is  entirely  secondary  to  its  first 
cost. 

It  must  not  be  assumed  that  the  cost  of  a  service  may  be 
reduced  by  the  simple  expedient  of  substituting  more  efficient 
equipment  for  that  which  is  in  use;  for  the  increased  efficiency 
and  consequent  reduction  in  operating  cost  thus  gained  may 
be,  and  in  fact  often  is  more  than  oft'set  by  the  increase 
in  capital  cost  resulting  from  the  greater  investment  made. 
From  a  purely  engineering  standpoint,  that  plant  may  be  best 
which  runs  most  efficiently;  but  from  a  business  standpoint, 

^  Goldman,  Trans.  A.  I.  E.  E. 
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such  a  plant  is  often  absurd,  for  what  is  desired  is  a  plant  that 
will  render  the  service  at  least  cost,  one  in  which  the  sum  of  the 
capital  and  operating  costs  will  be  a  minimum. 

The  engineer  often  complains  that  he  does  not  receive  that 
recognition  to  which  he  feels  certain  that  his  profession  entitles 
him.  But  he  should  realize  that  at  present  his  training  is  imper- 
fect; he  must  learn  to  make  his  profession  the  business  of 
engineering.  He  certainly  cannot  talk  about  centers  of  pressure 
or  power  factors  to  the  banker  or  investor;  he  must  translate 
his  engineering  into  dollars  and  cents,  the  standard  measure  of 
commerce.  In  fact,  engineering  which  is  not  sound  business, 
cannot  too  soon  be  considered  bad  engineering. 

4.  Profit. — This  word  is  used  in  two  senses,  namely  that  of 
gross  profit  and  that  of  net  profit.  Thus,  if  an  article  cost  us 
$ioo  and  we  sell  it  for  $130,  the  gross  profit  is  S30.  If  the 
cost  of  making  the  sale  is  S20,  the  net  profit  is  Sio.  It  is 
evident  that  gross  profit  is  not  profit  at  all  for  it  includes  neces- 
sary and  unavoidable  cost.  When  we  use  the  term  profit  in 
the  following  pages  we  shall  mean  onh'  net  or  real  profit. 

5.  Value. — Whereas  we  can  and  shall  determine  comparative 
values,  we  have  come  to  realize  that  "  value  "  itself  has  no  mean- 
ing at  all  in  any  exact  sense,  for  the  reason  that  we  possess  no 
absolute  standard  by  which  to  m^easure  it.  Furthermore  value 
is  highly  variable.  The  value  of  a  certain  thing  varies  (a)  with 
the  use  to  which  the  thing  is  put,  and  (h)  with  circumstances. 
Thus  iron,  for  example,  has  a  comparatively  large  value  when 
used  for  machine  parts  and  similar  things,  but  if  used  for  clothing 
material,  its  value  would  be  negative.  Then  again,  we  can 
easily  conceive  circumstances  in  which  a  little  iron  would  be  the 
means  of  preser^ang  a  person's  life  or  health,  in  which  case  its 
value  to  that  person  would  be  httle,  if  any,  short  of  infinite. 
Any  one  substance  may  have  an  infinite  number  of  possible 
uses,  and  therefore  has  a  corresponding  number  of  values. 
Again,  there  are  an  infinite  number  of  possible  circumstances 
under  which  it  might  be  used.  Thus  the  number  of  possible 
values  that  any  and  every  thing  possesses  is  equal  to  infinity 
squared. 


4  INTRODUCTION 

6.  Basis  of  Rates. — All  legitimate  undertakings  are  organized 
for  but  one  purpose  and  that  is  the  rendition  of  service.  As  a 
reward  for  this  service  the  investors  are  allowed  a  certain  return 
annually  on  the  investment  that  they  have  made  and  that  is 
employed  in  the  rendition  of  the  service.  Besides  this  return, 
every  business  organization  must  recover  from  its  customers, 
that  is,  those  people  who  employ  the  service  of  the  organiza- 
tion, all  the  costs  of  the  service. 

It  is  not  reasonable  to  expect  a  service  to  be  rendered  without 
a  profit  or  reward;  and  what  applies  to  the  service  as  a  whole 
applies  equally  well  to  each  and  every  single  item  of  the  service. 
It  is  as  unreasonable  to  expect  any  item  of  the  service  to  be 
rendered  without  profit  as  to  expect  the  service  as  a  whole  to  be 
so  performed.  However,  while  it  is  comparatively  easy  to 
determine  if  the  service  as  a  whole  is  profitable,  by  doing  little 
more  than  consulting  bank  balances,  it  is  quite  another  matter 
to  do  this  for  any  single  item  of  the  service. 

While  it  is  unreasonable  to  expect  a  company  to  render  a 
service  or  any  item  thereof  without  profit,  it  is  equally  unreason- 
able to  expect  one  customer  or  any  one  group  of  customers  to 
pay,  besides  the  cost  burden  that  they  place  on  the  undertaking, 
more  than  their  pro-rata  of  the  profit.  Nor  would  it  be  equitable 
to  make  one  group  of  customers  pay,  besides  their  cost  burden 
and  pro-rata  of  profit,  the  cost  or  profit  burden  of  any  other  group 
of  customers.  In  other  words,  it  is  not  just  to  take  the  cost  or 
profit  burden,  or  any  part  thereof,  oft  one  group  of  customers 
and  place  it  on  another  group.  Although  in  this  way  the  profit 
of  the  undertaking  as  a  whole  could  be  maintained  unaltered, 
such  a  proceeding  would,  nevertheless,  be  nothing  short  of  dis- 
crimination on  the  part  of  the  servant  organization  in  favor  of 
one  group  as  against  another  It  would  be  contrary  to  what 
is  considered  the  best  public  policy  to  permit  the  exercise  of 
this  power  by  private  undertakings,  and  therefore  it  has  been 
held  to  be  illegal  according  to  decisions  of  the  United  States 
Supreme  Court,  notably  in  the  North  Dakota  Coal  and  West 
Virginia  Passenger  Fare  cases. 

However,  it  should  not  be  inferred  from  the  above  that  every 
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service  organization  is  entitled  to  the  same  percentage  of  profit 
on  its  investment.  Under  such  conditions,  there  would  be  no 
reward  for  efficiency,  no  incentive  to  engage  the  best  engineering 
and  administrative  talent,  and  no  punishment,  in  the  way  of 
reduced  incomes,  for  poor  economy.  For  the  same  reason  that 
a  company  is  entitled  to  any  reward  at  all,  it  is  entitled  to  a 
reward  in  proportion  to  the  economy  and  efficiency  with  which 
the  service  is  rendered.  It  is  not  only  just  that  this  should 
be  so,  but  it  is  also  good  public  policy.  An  organization  that 
saves  the  public  money  is  entitled  to  a  reward  therefor,  and 
the  reward  should  be  in  proportion  to  this  saving. 

7.  Since  cost  governs  price,  the  entire  problem  of  rate  or  price 
determination  is  primarily  one  of  engineering;  the  problem  of 
design  for  maximum  economy  is  entirely  so.  Knowing  the 
exact  unit  cost,  the  price  made  therefrom  is  a  matter  of  judg- 
ment, for  it  is  founded  on  fact.  But  a  price  or  rate  made  with- 
out knowledge  of  the  unit  cost,  is  unadulterated  guesswork,  if 
not  worse. 

Very  often  one  company  will  set  its  prices  in  accordance  with 
those  of  its  competitors.  That  is,  one  company  will  copy  the 
prices  of  its  competitors  and  use  these  prices  as  its  own.  This 
seems  all  right  on  the  ground  that  "'  competition  regulates  the 
price."  But  it  is  not  right  because  competition  does  not 
regulate  the  price,  but  only  at  best  what  we  may  demand  in 
profit.  If  the  competitor's  prices  are  less  than  our  costs,  then 
we  must  obtain  a  higher  price,  or  turn  our  attention  to  some 
other  line  of  endeavor. 

8.  In  the  problem  of  rate  determination  for  public  utilities, 
altogether  too  much  stress  has  been  laid  on  the  various  deci- 
sions of  our  state  courts,  in  spite  of  the  fact  that  these  deci- 
sions have  been  exceedingly  contradictory.  Nor  could  they 
help  being  so,  for  the  problems  to  be  solved  are  those  of  engineer- 
ing and  not  law.  The  latter  is  therefore  helpless  in  reaching  a 
solution  until  engineering  shows  the  way.  In  other  words, 
engineering  must  lead  in  these  matters  and  determine  the  cor- 
rect solutions  to  which  the  law  must  conform. 

Courts  base  their  decisions  on  the  expert  opinion  of  engineers 
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in  so  far  as  these  opinions  are  based  on  exact  scientific  knowl- 
edge. Beyond  that  the  courts  have  as  much  right  to  guess  as 
anyone.  If  the  opinion  of  the  experts  were  crude  and  far  from 
the  truth,  then  the  decisions  based  thereon  are  bound  to  be 
equally  bad. 

It  must  be  borne  in  mind  that  bad  decisions  of  our  courts, 
going  as  they  do,  counter-current  to  the  trend  of  natural  devel- 
opment of  human  society,  are  a  great  hindrance  to  progress, 
while  good  ones  are  a  great  aid.  While  bad  decisions  cannot 
prevent,  they  most  assuredly  do  delay  advancement.  After  all 
it  must  be  borne  in  mind  that  knowledge  is  all  one  and  indi- 
visible. We  have  hypothetical  divisions,  not  real  ones.  One 
so-called  branch  of  knowledge  can  no  more  live  alone  and 
separate  from  all  other  knowledge  than  the  hand  or  the  heart 
can  exist  separate  from  the  whole  living  being.  A  discovery  or 
advancement  in  engineering  or  a  good  decision  in  law  both  aid 
one  another  in  that  both  aid  in  the  progress  of  human  society. 

9.  As  we  have  pointed  out  above,  there  are  primarily  two 
divisions  to  our  entire  problem,  namely,  cost  segregation  and 
cost  analysis,  as  applied  to  (a)  cost  determination  and  (b) 
design  for  best  economy.  Each  charge  growing  out  of  the 
rendition  of  a  ser\dce  must  be  recorded  and  charged  against  the 
proper  account;  while  mixed  charges,  applying  to  more  than 
one  item,  must  be  properly  apportioned.  The  apportioning 
of  mixed  items  of  expense  is  a  task  requiring  a  broad  knowledge 
of  engineering  and  pe"fect  common  sense.  Cost  segregation 
must  be  made  in  accordance  with  the  demands  of  cost  analysis, 
since  the  cost  segregation  is  of  no  value  in  and  of  itself,  and  is 
useful  only  as  an  absolutely  necessary  basis  for  cost  analysis. 
Cost  segregation  alone,  where  no  further  use  is  made  of  it, 
as  so  often  happens,  represents  just  so  many  useless  and 
undigested  data. 

Drawing  conclusions  from  data  relating  to  costs  is  cost  analysis. 
It  is  the  business  of  determining  exact  unit  cost  for  actual  load 
conditions  under  which  the  system  operates,  as  well  as  determining 
the  aggregate  eft'ect  of  the  load  characteristics  of  each  unit  of  the 
system.     In  the  problem  of  design,  the  field  is  still  broader. 
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The  system  is  not  yet  fixed,  but  is  to  be  determined  so  that, 
under  actual  or  anticipated  load  conditions,  the  greatest  econ- 
omy will  be  attained.  This  part  of  the  problem  may  be  sub- 
divided into: 

(a)  The  determination  of  the  txpe  and  size  of  a  system  for 
best  economy. 

(b)  The  determination  of  the  type  and  size  of  the  units  of  a 
system  for  best  economy. 

(c)  The  determination  of  unit  and  total  annual  production  costs. 

10.  The  servdce  that  is  rendered  by  every  servant,  whether 
of  a  private  or  public  character,  may  be  divided  into  four 
primary  parts,  namely : 

(a)  Collection, 

(b)  Production, 

(c)  Transmission  f Transportation) ,  and 

(d)  Distribution. 

A  railway  service,  for  example,  consists  in  the  collection  of 
freights,  and  its  transportation  and  distribution,  production 
being  zero  since  nothing  is  produced.  A  power  service  consists 
in  the  collection  (storage;  of  water  for  power,  the  production 
of  power,  and  its  transmission  and  distribution.  Again  an  engine 
factory  service  consists  in  the  collection  of  materials  of  manu- 
facture, the  production  of  the  engines,  and  their  transportation 
and  distribution. 

The  actual  rendition  of  one  of  these  divisions  of  a  complete 
service  may  be  delegated  to  an  agent.  Thus,  for  example,  in 
the  case  of  an  engine  factory,  the  actual  transportation  of  the 
engines  is  almost  invariably  left  to  a  railway  company,  who,  by 
specializing  in  this  particular  division  of  service,  can  render 
it  at  an  incomparably  lower  cost.  So,  also,  the  actual  distribu- 
tion of  the  engines  may  be  left  to  a  sales  agency.  This  practice 
is  in  fact  very  commonly  followed. 

11.  All  cost  pertaining  to  the  rendition  of  a  service  may  be 
divided  into  two  parts,  namely: 

(a)  Fixed  charges,  and 

(b)  Operating  costs. 
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Fixed  charges  are  all  those  costs  which  continue  when  the 
operation  of  a  system  is  discontinued.  Thus,  interest,  taxes, 
and  the  like  continue  whether  the  plant  is  idle  or  in  use,  i.e., 
productive  or  nonproductive.  Thus  the  total  annual  costs  of 
reserve  units,  while  standing  idle,  is  merely  the  total  annual 
fixed  charges  of  these  units,  the  operating  costs  being  zero. 
Such  stand-by  costs  must  be  considered  an  insurance  against 
discontinuity  of  service  and  must  be  as  carefully  determined  for 
best  economy  as  any  other  factor  of  the  system. 

The  operating  cost  consists  of  all  costs  over  and  above  the 
fixed  charges.  The  costs  of  fuel,  oil,  water  (materials  con- 
sumed), attendance,  and  the  like  are  clearly  all  operating  costs. 
But  the  salary  of  the  engineer  may  be  partly  an  operating  and 
partly  a  capital  cost.  When  the  time  and  skill  of  the  engineer 
is  spent  on  the  running  of  the  system,  or  its  maintenance,  or 
repair,  it  is  an  operating  cost;  but  when  it  is  spent  on  the 
design  or  construction  of  extensions,  the  salary  must  be  charged 
to  capital  and  bear  fixed  charges  like  any  other  item  of  invest- 
ment. The  same  principle  holds  for  supervision  and  all  forms 
of  what  may  be  called  overhead  services. 

We  may  therefore  segregate  our  costs  as  follows: 

(i)  Fixed  charges: 

(a)  Interest  and  rents, 

(b)  Depreciation 

(c)  Taxes, 

(d)  Insurance. 

(2)  Operating  costs: 

(a)  Materials  consumed,  power,  etc., 

(b)  Attendance, 

(c)  Maintenance, 

(d)  Repair. 

12.  Ordinarily,  undertakings  are  divided  into  private  and 
public  utilities.     But  the  production  of  steel,  clothes,  food  or 
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the  like  is  as  much  a  pubhc  necessity  as  transportation  or  power 
service.  The  above  classification,  though  legal,  is  therefore 
both  arbitrary  and  temporary.  Instead  of  the  above  plan 
we  shall  classify  all  undertakings  as  individual,  integral,  or 
mixed. 

An  integral  system  is  one  that  is  designed  to  serve  one 
and  only  one  community  or  district  and  all  of  that  com- 
munity or  district.  Such  a  system  is  designed  for  the  general 
needs  of  the  community  that  it  serves  and  not  the  par- 
ticular needs  of  certain  individuals  of  that  district,  except 
in  so  far  as  service  connections  are  needed.  These  needs  can 
be  closely  determined  from  previous  experience  with  similar 
communities. 

An  individual  system  is  one  that  is  designed  to  meet  part  or 
all  of  the  needs  of  certain,  definite  individuals.  The  distinc- 
tion may  be  made  clear  by  an  illustration.  Thus  a  telephone 
or  power  system  is  distinctly  an  integral  system.  You,  indi- 
vidually, do  not  pay  any  charge  unless  you  are  actually  receiv- 
ing service  from  the  undertaking,  although  the  necessary  costs 
and  profits  for  operating  the  undertaking  are  collected  from 
the  community,  in  particular  from  that  part  of  the  community 
which  does  receive  service.  The  undertaking  is  "  ready  "  to 
serve  you,  but  that  costs  you  nothing.  All  public  utilities  and 
most  private  companies  are  integral  undertakings. 

On  the  other  hand  if,  let  us  say,  six  men  join  to  put  in  a  com- 
mon pumping  system,  we  have  an  individual  system,  for  the 
size  and  type  of  the  system  are  chosen  to  suit  the  needs  of  just 
these  particular  six  men  and  no  more  or  less.  In  such  a 
system  the  readiness  to  serve  must  be  paid  for  whether  service 
is  actually  taken  or  not. 

Example  i :  Four  men,  each  owning  40  acres  of  land,  put  in  a 
common  pumping  system  costing  $4000.  One  man  uses  an 
average  of  5  acre  feet  of  water  per  acre  per  year,  the  second  4, 
the  third  3,  and  the  fourth  no  water  at  all.  If  the  fixed  charges 
on  the  system  are  12%,  and  the  operating  costs  are  50  cents 
per  acre  foot,  determine  the  annual  charges  that  must  be 
assessed  against  each  man. 
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Solution:  The  fixed  charges  are 

4000  X  12%  = 


Since  the  system  is  designed  to  serve  each  man  equally  and 
as  each  man  owns  the  same  amount  of  land,  the  fixed  charges 
will  be  divided  equally,  each  man  paying  one-fourth,  or  $120, 
per  year. 

The  total  water  pumped  is 

5  X  40  =  200  acre  feet. 
4  X  40  =  160    "      " 
3  X  40  =  120    "      '' 
o  X  40  =  000    "      " 


Total  480    "      ''     of  water, 

costing 

480  X  .50  =  $240. 

This  amount  may  be  considered  as  divided  into 

5+4  +  3+0=  12  parts. 

Of  this  the  first  man,  using  5  acre  feet,  pays  in  operating 

costs 

T^  X  $240  =  $100; 
the  second  pays 

^  X  $240  =  $80; 
the  third  pays 

■j^  X  $140  =  $60; 

and  the  fourth,  using  no  water,  pays  no  operating  cost. 

Evidently,  then,  the  first  man  must  pay  a  total  in  fixed  and 
operating  charges  of 

120  +  100  =  $220; 
the  second, 

120  +  80  =  $200; 
the  third, 

120  +  60  =  $180; 
and  the  fourth 

120  +    00  =  $120. 
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Although  the  fourth  man  receives  no  service,  he  must  pay 
his  pro-rata  of  fixed  charges,  his  "  readiness  to  serve  "  charge. 
For  were  he  not  in  the  system,  the  size  and  thus  the  fixed 
charges  of  the  system  could  be  proportionately  reduced.  This, 
however,  holds  true  only  for  individual  systems. 

13.  The  comparative  value  of  an  undertaking  is  in  direct 
proportion  to  its  size  and  to  the  economy  with  which  the  under- 
taking renders  the  service.  There  are,  however,  a  number  of 
different  "  methods  "  for  determining  the  so-called  "  value  " 
of  an  undertaking.  They  are  based  on  (i)  Original  Cost, 
(2)  Replacement  Cost,  (3)  Market  Value  of  Outstanding  Liabil- 
ities, and  (4)  Capitalization  of  Earnings. 

The  Original  Cost  includes  not  only  the  money  spent  on  the 
undertaking  at  its  inception,  to  bring  it  into  being,  but  also  all 
money  spent  for  extensions  and  improvements,  except  in  so  far 
as  such  may  be  chargeable  to  depreciation.  Original  cost  will, 
however,  not  give  the  comparative  value  of  an  undertaking,  for, 
according  to  this  basis,  the  more  a  given  undertaking  costs  the 
greater  will  be  its  worth.  It  is  evident  then  that  original 
cost  will  lead  to  the  comparative  value,  only  if  we  take  into 
consideration  most  fully  the  economy  of  the  undertaking.  In 
other  words  we  must  determine  exactly  how  well  it  serves  the 
purpose  for  which  it  was  constructed. 

The  Replacement  Cost  is  the  amount  of  money  that  would 
have  to  be  expended  now,  or  at  some  other  time  subsequent 
to  the  original  formation  of  the  undertaking,  to  bring  it  into 
being.  Replacement  cost  involves,  besides  the  original  cost, 
the  depreciation  or  appreciation  of  this  sum  of  money  in  pur- 
chasing power  during  the  interim,  and  therefore  tends  to  give 
the  undertaking  a  speculative  value. 

The  "  Market  Value  "  of  the  outstanding  Habihties  of  a  com- 
pany gives,  naturally,  information  on  only  one  major  point, 
namely  the  "  value  "  of  the  organization,  not  to  the  pubhc,  but 
to  the  investors  in  the  company.  The  greater  the  income  of  the 
organization,  the  greater  will  its  market  value  be;  in  fact,  as 
will  be  shown  later,  the  price  of  such  an  organization  is  deter- 
mined by  the  net  income  and  the  interest  worth  of  money.     To 
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the  community  which  permits  the  formation  of  such  organiza- 
tions, there  are  only  two  "  values  "  of  any  interest,  and  those  are 
their  ability  to  render  service  and  the  economy  with  which  the 
service  is  rendered.  No  information  on  the  latter  "  value  "  can 
be  expected  from  market  value. 

Practically  identical  with  market  value  is  the  attempt  to 
determine  the  "  value  "  of  an  undertaking  from  its  net  income. 
Like  market  value,  this  gives  the  "  value  "  to  the  investor  and 
not  to  the  public:  its  "  value  "  as  a  money-making  organiza- 
tion to  the  investors  and  not  its  "  value  "  as  an  organization 
for  the  rendition  of  service. 

It  must  be  clearly  kept  in  mind  in  discussing  "  value  "  that 
the  word  has  no  definite  meaning.  In  view  of  this  fact,  the  pur- 
poselessness  of  the  above  "  methods  "  becomes  more  evident. 

In  order  to  illustrate  the  enormous  discrepancy  in  deter- 
mining so-called  ''  value  "  by  the  various  methods  mentioned,  we 
give  below  these  "  values  "  for  a  certain  company. 

(a)  Market  "  Value  "  as  per  outstanding  liabihties,  $72,000,000 

(b)  Present  "  Value  "  as  per  utility  commission.  .  .  36,000,000 

(c)  Present  "  Value  "  as  per  assessor 15,000,000 

(d)  "  Value  "  as  per  capitalized  earning 20,000,000 

(e)  Estimated  real  present  value 16,000,000 

The  above  speaks  for  itself.     A  guess  is  scientific  in  comparison. 
14.  As  previously  stated,  all  production  costs  may  be  divided 
into  fixed  charges  and  operating  costs.     The  fixed  charges  may 
be  divided  into  the  following  classes: 

(a)  Interest  and  rents, 

(b)  Depreciation, 

(c)  Taxes, 

(d)  Insurance, 

while  the  operating  costs  may  be  divided  into: 

(a)  Materials  consumed,  power,  etc., 

(b)  Attendance, 

(c)  Maintenance, 

(d)  Repair. 
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15.  Interest. — Public  utilities  are  allowed  a  certain  interest 
return  on  their  investment  as  a  reward  for  the  rendition  of  the 
service.  They  are  allowed  no  profit  on  the  labor  cost  of  the 
service.  The  interest  rate  determines  the  value  of  money  in 
terms  of  itself.  If,  for  example,  the  interest  rate  is  5%,  then 
a  dollar  is  worth  5  cents  a  year,  while  on  the  other  hand  an 
income  of  5  cents  a  year  is  worth  one  dollar. 

The  rate  of  interest  varies  greatly,  usually  from  2  to  8%. 
Governments  normally  pay  2  to  3%,  large  industrial  undertak- 
ings from  4  to  6%,  while  small  firms  and  individuals  of  very 
moderate  wealth  pay  from  7  to  8%.  Of  course,  the  interest  is 
not  a  net  profit,  for,  from  this  gross  amount  must  be  deducted 
the  cost  of  making  the  loan  and  its  collection,  and  this  accounts 
in  a  measure  for  the  higher  interest  rate  charged  for  smaller  loans 
than  for  larger  ones,  the  smaller  ones  having  a  relatively  larger 
proportionate  cost.  However,  to  assume  that  the  interest  rate 
varies  with  the  risk  is  hardly  sound,  rather  does  the  risk  vary 
with  the  interest  rate,  for,  with  a  larger  interest  rate  to  pay, 
the  industry  must  carr}'  a  heavier  burden.  Therefore,  as  the 
interest  rate  is  increased,  the  risk  of  failure  is  increased.  Of 
course,  there  are  many  undertakings  that  frankly  carry  a  heavy 
risk,  with  a  chance  of  making  large  profits;  but  no  wise  investor 
would  care  to  purchase  bonds  of  such  an  organization,  and 
accept  the  risk  involved  if  the  bonds  carried  merel}'  nominal  or 
even  a  fairly  high  rate  of  interest.  Rather  would  the  investor, 
were  he  willing  to  take  a  chance,  invest  directly  in  the  organiza- 
tion, and  thus  stand  a  chance  to  make  a  large  profit  should  the 
venture  prove  a  success. 

16.  Depreciation  and  Appreciation. — As  things  become  older 
their   comparative  value   changes.     If   the   comparative  value 
decreases,  we  have  depreciation,  while  if  it  increases,  we  have 
appreciation,  or  negative  depreciation.     A  given  item  depreciates 
through  its  tendency  to  become 

(a)  obsolete, 

(b)  inadequate, 

(c)  useless. 
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What  we  speak  of  as  land  has  really  two  meanings,  namely, 
the  land  itself  and  location.  For  agricultural  purposes  we  buy 
the  land  itself,  and,  unless  we  fertilize  it,  it  depreciates  rapidly. 
For  marketing  (selling)  purposes  we  buy  location  and  this 
invariably  appreciates  with  increase  in  population.  The  price 
or  rent  of  locations  varies  with  the  service  value  of  the  loca- 
tions to  the  public. 

17.  Obsolescence. — Progress  in  engineering  results  in  im- 
provements that  yield  either  increased  efficiency  or  reduced 
first  cost.  For  this  reason,  a  unit  that  we  have  in  service  loses 
its  comparative  value  or  becomes  obsolete.  When  the  efficiency 
of  new  apparatus  has  been  so  far  improved  that  it  would  pay 
to  discard  the  unit  in  use  entirely,  then  the  unit  in  use  has 
become  completely  obsolete  and  its  comparative  value  is  zero 
or  even  much  less,  even  though  it  is  otherwise  in  perfect  run- 
ning condition.  Thus,  for  example,  a  unifiow  engine  will  give 
as  good  efficiency  as  a  triple  expansion  engine  while  costing  only 
40%  as  much.  Had  one  just  purchased  a  triple  expansion 
engine,  when  the  uniflow  appeared,  60%  of  the  purchase  price 
of  the  former  would  have  gone  into  depreciation  at  once,  for 
the  reason  that  the  same  service  could  be  performed  equally 
well  with  this  reduction  in  capital  outlay. 

18.  Inadequacy. — It  often  happens  in  a  new  and  fast  growing 
business  that  certain  items  of  the  system  may  be  replaced  to 
advantage  although  not  obsolete.  Thus,  in  a  power  plant,  it 
often  is  an  advantage  to  replace  a  number  of  smaller  units, 
however  modern,  that  have  accumulated  during  growth,  with 
one  large  unit.  Again,  in  the  case  of  a  railway  system,  the 
traffic  may  increase  so  that  a  single  track  bridge  is  incapable 
of  handling  the  traffic,  although  it  is  still  in  good  condition. 
In  such  cases  the  item  affected  has  become  inadequate.  It  may 
be  argued  that  a  larger  unit  should  have  been  installed  in  the 
first  place,  and  in  some  cases  that  would  have  been  wise,  but 
more  often  such  a  procedure  will  result  in  reduced  economy  due 
to  early  outlay  of  too  much  capital. 

Sometimes  the  plan  of  installing  smaller  units  first,  and 
replacing  them  with  larger  units  later,  results  in  better  economy 
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than  installing  the  larger  units  at  the  start.  It  is  only  when 
this  condition  exists  that  we  have  a  case  of  inadequacy  of  equip- 
ment. When  conditions  are  reversed  we  have  a  case  of  inade- 
quacy of  management. 

19.  Uselessness. — A  system  or  part  thereof  becomes  use- 
less (without  use)  when  the  service  for  which  it  was  intended  is 
no  longer  demanded.  Thus  a  temporary  structure,  used  during 
construction,  becomes  useless,  and  in  fact  often  a  nuisance,  when 
the  construction  is  finished.  Again  a  logging  railroad  may  be  built 
into  a  certain  district.  When  the  logging  is  finished,  the  railroad 
becomes  useless,  although  some  parts  of  it  may  be  salvaged. 

20.  Fundamentally,  the  object  of  cost  calculation  is  to 
maintain  the  capital  intact,  neither  permitting  it  to  increase 
nor  decrease.  For  this  reason,  it  is  necessary  to  set  aside  each 
year  a  certain  sum  of  money,  equal  to  the  amount  that  the 
system  has  depreciated  in  that  time.  This  money,  so  set  aside, 
forms  the  Depreciation  Reserve  or  Sinking  Fund,  the  former 
term  being  preferable.  This  depreciation  is  an  essential  part 
of  the  cost  of  producing  the  service  rendered.  The  amount  of 
the  depreciation  reserve  laid  by  should  be  such  that,  at  any 
time  that  the  equipment  has  depreciated  to  zero,  it,  together 
with  the  accumulated  interest  thereon,  should  amount  to  the 
original  cost  of  the  equipment,  less  whatever  scrap  value  it  may 
have.  So  also,  if  the  equipment  appreciates  in  value,  this 
amount  must  be  deducted  from  the  production  cost  for  the 
very  same  reasons  that  depreciation  must  be  added. 

Primarily,  the  amount  of  the  depreciation  reserve  that  must 
be  laid  by  annually  depends  upon  the  Hfe  of  the  structure  or 
equipment.  This  life  must  be  determined  from  experience  and  is 
now  fairly  well  known.  It  is  given  as  accurately  as  possible  in 
the  table  below. 

The  following  list  is  necessarily  very  limited.  Furthermore, 
the  life  given  is  necessarily  rather  approximate.  It  depends 
greatly  on  the  quality  of  the  apparatus  when  purchased,  together 
with  a  multitude  of  other  conditions.  The  table  is  for  good, 
substantial  equipment,  not  the  cheap  stuff  that  is  also  found 
on  the  market. 
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TABLE   I 

Approximate  Useful  Lite  of  Structures  and  Equipments 

Description              Life,  Yrs.  Description            Life,  Yrs. 

Ash  Conveyers,  steam  jet. ...    50  Elev.\tors,  bucket 10 

Bridges,  concrete Permanent      Fans,  centrifugal 25 

"        steel 40  Grates 10 

"        wood 15  Gent;ratcrs,  A.C 30 

Building,  concrete Permanent  "  D.C 20 

"         brick 50  Heaters,  feed  water,  closed.  .  .  20 

"         wood  or  sheet-iron. .    15  "  "        "     open 30 

Boilers,  fire-tube 15  Hoisting  Machlntery 20 

"        water- tube 40  Motors same  as  generators 

Belts,  leather 8  Pumps,  plunger 15 

Bins,  steel 25  "       centrifugal 25 

"     wood 10  Producers,  gas 20 

Chimneys,  concrete Permanent      Piping 35 

"  brick 50  R0T.A.RY  Cona'erters 30 

"  steel,  self-sustaining  35  Stor.\ge  Batteries 4 

"  sheet-iron 8  Switchboard 50 

CONT)ENSERS,  jet 20  Tr,ANSFORMERS 50 

"            surface 20              Transmission  Line,  pole 12 

Con'A'EYERS,  bucket 20                         "                 "      steel 20 

"           belt 7              Tr.^veling  Cranes 50 

Engines,  high-speed 15              Turbines,  steam 20 

"         low-speed 25                       "          water 25 

Economizers 15              Wiring,  electric 30 

Other  conditions  that  affect  life  are  the  surrounding  ele- 
ments. Thus,  the  life  of  wood  pipe  is  very  great  if  it  is  kept 
thoroughly  impregnated  with  water,  but  diminishes  rapidly 
with  disuse.  Again,  soil  conditions  often  are  a  deciding 
factor,  iron  pipe  decomposing  rapidly  in  alkaline  soil  or  sea 
water.  Likewise,  the  life  of  stacks  is  greatly  influenced  by  the 
amount  of  sulphur  in  the  fuel.  This  is  due  to  the  formation  of 
sulphurous  acid  from  the  sulphur  dioxide,  and  its  oxidation  to 
sulphuric  acid  in  the  presence  of  water  and  free  oxygen,  when 
the  temperature  is  not  too  high.  This  acid  attacks  the  iron, 
causing  very  active  corrosion.  It  seems  to  be  most  active  during 
light-  or  no-load  periods.  So,  also,  the  life  of  boilers  when  fed 
with  untreated  water  depends  more  upon  the  chemical  compo- 
sition of  the  raw  v/ater  than  upon  any  one  other  item. 

The  life  of  all  apparatus  depends  upon  the  skill  of  the  operat- 
ing engineers  as  well  as  the  proper  correlation  of  all  parts  of  the 
system  by  the  designing  engineer.  All  such  items  must  be 
taken  into  account  in  determining  the  probable  life  of  a  system, 
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but  -the  difference  between  the  cost  under  normal  and  actual  con- 
ditions should  be  charged  to  management.  With  unusually 
good  operators  a  plant  will  tend  to  appreciate  in  value  for  several 
years.  This  appreciation  should  be  credited  not  only  to  the 
operators,  but  to  the  management  which  had  the  courage  and 
foresight  to  pay  the  cost  of  first-class  men.  On  the  other  hand 
if  the  first  cost  of  a  system  or  the  operating  cost  is  abnormally 
high,  due  to  poor  designing,  the  excess  cost  should  be  charged 
to  bad  management,  where  it  really  belongs. 

The  reader  is  cautioned  not  to  confuse  depreciation  with 
wear,  as  is  often  done  in  practice.  Depreciation  is  a  fixed 
charge,  continuing  unaltered  whether  the  unit  is  in  use  or 
idle.  Wear  is  an  operating  cost,  the  amount  of  wear  being  in 
direct  proportion  to  the  amount  of  use.  When  a  machine  is 
worn  out,  it  has  not  depreciated  to  zero  worth.  It  has  merely 
worn  out  and  we  have  merely  a  major  repair  item. 

Thus  when  a  bearing  is  worn  out,  we  replace  the  bearing  and 
thus  repair  the  engine.  This  is  admittedly  a  repair  item. 
So  when  an  engine  is  worn  out,  we  replace  the  engine  and  thus 
repair  the  power  plant.  The  replacement  of  an  entire  worn- 
out  engine  is  just  as  much  a  repair  item  as  the  replacement  of 
any  of  its  parts,  the  only  distinction  being  the  degree  of  the 
replacement.  Whenever  the  cost  of  maintenance  of  an  old  unit 
is  greater  than  the  total  costs  (fixed  charges  and  operating 
costs)  of  a  new  unit,  it  is  evident  that  it  will  pay  us  to  discard 
the  old  unit.     In  such  a  case  it  is  worn  out. 

We  may  therefore  distinguish  two  lives  for  all  things,  namely 
the  natural  life  and  the  operating  life.  The  natural  life  depends 
on  the  factors  of  obsolescence,  inadequacy,  and  uselessness. 
The  operating  life  depends  upon  the  amount  of  use  that  may  be 
obtained  from  anything  before  it  is  worn  out.  The  shorter 
of  the  two  determines  the  true  life  of  the  unit. 

It  would  be  senseless  and  very  bad  engineering  to  make  the 
operating  life  of  a  unit  longer  than  its  natural  life.  Yet  this 
very  thing  has  been  done  in  the  past.  The  large,  extremely 
low-speed  engines  of  forty  and  fifty  years  ago,  some  of  which 
are  still  in  use,  refuse  to  wear  out  although   they  are  hope- 
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lessly  obsolete  and  therefore  practically  none  of  this  type  of 
machinery  is  now  built. 

21.  Taxes  may  be  definitely  determined  in  any  community, 
and  are  usually  between  two  and  three  per  cent  of  the  assessed 
value.  The  assessed  value  is  ordinarily  somewhat  below  the 
original  cost  of  the  undertaking,  and  this  must,  of  course,  be 
taken  into  account. 

Insurance  usually  amounts  to  between  0.2  and  1.5%,  but  this 
item  again  depends  upon  the  construction  of  the  system.  A 
concrete  building  that  is  absolutely  fireproof  need  carry  no 
insurance,  and  this  reduces  the  total  cost  of  such  a  structure. 
If,  for  example,  a  building  costs  $100,000  and  insurance  is  1%, 
then  the  annual  insurance  outlay  is  $1000  which,  at  5%, 
interest,  capitalizes  at  $20,000.  A  fireproof  building  would  be 
worth  that  much  more.  However,  to  these  building  costs  we 
must  add  the  cost  of  insurance  on  the  equipment  that  is  to 
be  housed  within  the  building,  thus  further  increasing  the  value 
of  the  fireproof  structure. 

22.  Materials  Consumed. — Any  undertaking  rendering  a 
given  service,  whether  a  factory  producing  a  given  commodity, 
or  a  power  plant,  uses  up  a  certain  amount  of  material  which  is 
either  entirely  consumed  or  else  transformed  into  a  more  or  less 
worthless  condition.  The  amount  of  material  so  consumed  is  very 
nearly  in  direct  proportion  to  the  amount  of  service  produced. 

Thus  a  steam  power  plant  consumes  fuel,  lubricating  oils  and 
greases,  waste,  packing,  paints,  and  the  like.  A  hydro-electric 
power  plant  consumes  all  of  these  except  fuel.  A  factory  pro- 
ducing machinery  consumes  a  great  variety  of  supplies  as 
well  as  iron,  steel,  brass,  and  the  like,  in  considerable  quanti- 
ties, from  which  are  produced  machines  and  more  or  less  use- 
less turnings  and  punchings. 

The  cost  of  all  materials  consumed,  together  with  the  cost 
of  their  purchase  and  delivery,  and  the  cost  of  waste  removal, 
less  the  salvage,  if  anything,  should  be  charged  to  operation 
under  the  head  '^  materials  consumed." 

23.  Attendance. — The  salary-  or  wages  paid  to  all  who  are 
actually  engaged  in  the  production  of  a  given  service  should 
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be  charged  to  operation  under  the  head  of  attendance.  In  an 
iron  works,  for  example,  this  charge  includes  the  wages  paid  to 
machinists,  molders,  boiler  makers,  helpers,  clerks,  bookkeepers, 
collectors,  and  the  like,  together  with  such  parts  of  the  salary 
of  the  superintendent,  engineer,  and  manager  as  are  devoted 
to  the  actual  production  of  the  service. 

24.  Maintenance. — The  cost  of  all  materials  and  labor, 
engineering,  and  inspection  service  necessary  to  keep  an  under- 
taking in  good  running  condition,  so  that  its  productive  capacity 
does  not  decline,  should  be  charged  to  operation  under  the 
head  of  maintenance.  The  largest  item  that  comes  under  this 
head  is  repair  and  replacement  of  worn-out  parts  of  equipment 
and  the  maintenance  of  grounds  and  buildings;  but,  as  pre- 
viously pointed  out,  the  cost  of  equipment  replaced  because  of 
obsolescence,  inadequacy,  or  uselessness  should  be  assessed  to 
fixed  charges  under  the  head  of  depreciation.  Attendance, 
maintenance,  and  materials  consumed  decrease  with  the 
increase  in  quality  of  the  system,  whereas  the  first  cost  of  the 
system  increases  therewith.  Therefore,  as  the  fixed  charges  are 
allowed  to  increase,  the  operating  costs  decrease.  This  fact 
gives  us  one  of  our  most  important  problems:  to  find,  under 
given  load  conditions,  where  the  sum  of  the  fixed  charges 
and  operating  costs,  i.e.,  the  total  costs  of  production  of  the 
service,  are  a  minimum. 

25.  Stock  Account. — It  is  invariably  necessary  in  any 
undertaking,  whether  large  or  small,  to  carry  a  special,  tempo- 
rary account  of  materials  on  hand  for  use  or  sale.  This  account 
should  be  divided  into  two  parts,  namely  raw  stock  and  fin- 
ished product.  Thus,  in  a  steam-electric  power  plant,  we  usually 
have  on  hand  considerable  materials,  such  as  fuel,  supplies, 
and  the  like,  which  should  be  charged  to  capital  until  used  and 
then  transferred  to  operation.  In  this  case  we  have  no  fin- 
ished product,  for  electricity  is  and  must  be  used  as  produced, 
excepting  what  little  is  carried  over  in  storage  batteries. 
In  the  case  of  an  engine  factory,  we  have  the  raw  materials 
account,  covering  materials  consumed  as  well  as  those  going 
into  the  finished  product. . .  This  stands  as  a  debit  against  the 
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production  of  the  engines,  while  the  finished  product  stands 
as  a  credit  account. 

26.  Storage,  Sale  and  Distribution. — As  previously  shown, 
the  costs  of  rendering  a  given  service  may  be  divided  into  col- 
lection, production,  transportation,  and  distribution,  the  latter 
including  sales.  The  services  of  storage,  sales,  and  distribution, 
in  some  types  of  business  the  most  important  function,  are  no 
exception  to  the  treatment  given  any  of  the  other  items  in  the 
complete  rendition  of  a  service.  The  more  uniformly  we 
operate  throughout  the  year  the  more  must  be  stored,  since  the 
demand  is  usually  not  uniform,  so  that  we  can  decrease  the  pro- 
duction cost  at  the  expense  of  the  storage  cost.  To  determine 
the  conditions  of  best  economy,  in  such  a  case,  gives  a  typical 
problem  in  cost  analysis. 

Selling  is  one  of  the  most  important  services  that  is  rendered, 
because  it  comprises  not  only  the  actual  selling,  but  the  giving 
of  advice  and  assistance  to  the  purchaser  in  the  successful  use 
of  the  product  sold,  as  well  as  trouble  shooting,  that  is,  the 
correction  of  troubles  that  appear  in  the  use  of  the  product  no 
matter  whether  due  to  defects  in  the  product  or  to  difficulties 
resulting  from  its  misuse. 

27.  In  any  actual  plant  all  the  above  items  of  expense  are 
found  to  be  more  or  less  mixed,  since  operation,  maintenance, 
replacement,  and  the  like,  are  taking  place  simultaneously. 
They  can,  of  course,  be  readily  segregated  by  an  engineer,  not 
with  absolute  accuracy,  but  sufficiently  so  for  the  most  exacting 
practical  needs. 

Example  2:  The  costs  connected  with  a  100-ton,  oil-engine- 
driven  refrigerating  plant  are  found  to  be  as  follows: 

Cost  of  engine,  installed $40,000 

Piping,  etc.,  for  engine 4,000 

Compressor,  condenser,  and  piping 20,000 

Freezing  system 50,000 

Ice  storage 4,000 

Buildings 60,000 

Land 1 2,000 

Raw  stock  carried,  average 2,000 

Finished  product,  average 5,ooo 

Total  capital  outlay $197,000 
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The  labor  costs  are,  j)er  day: 

Chief  engineer $8 .  oo 

Assistant  engineer 6 .  oo 

Two  oilers lo.oo 

Four  tankmen 16.00 

Two  helpers 8 .  00 

Total  labor  cost  per  day S48 .  00 

Fuel  cost  per  day 20 .  00 

Ammonia,  oil,  waste  and  supplies  per  day 10.00 

The  amount  of  ice  annually  produced  is  24,000  tons  and  the 
fixed  charge  rates,  repair,  etc.,  are: 

Interest,  per  cent 7 

Taxes,  per  cent i 

Insurance,  per  cent 0.5 

Depreciation  on  machinery 4 

Depreciation  on  building 2 

Maintenance  on  machinery i 

Maintenance  on  building 0.5 

Repair  on  machinery 3 

Repair  on  building i 

Segregate  and  determine  the  costs. 
Solution:    The  fixed  charges  are: 

Interest,     8197,000  at  7  per  cent $13,790 

Taxes,         8197,000  at  i  per  cent i,97o 

Insurance,  8197,000  at  0.5  per  cent 985 

The  total  cost  of  machinery  is  $64,000  and  that  of  buildings  is 
$126,000. 

Depreciation,  $64,000  at  4  per  cent $  2,560 

Depreciation,  8126,000  at  2  per  cent 2,520 

Total  fixed  charges 821,230 

The  operating  costs  are: 

Repair,  81 26,000  at  i  per  cent 8  1,260 

Repair,  864,000  at  3  per  cent 1,920 

Maintenance,  8126,000  at  0.5  per  cent 630 

Maintenance,  864,000  at  i  per  cent 640 

Annual  labor  costs,  S48X300  days 14,400 

Annual  fuel  costs,  S20X300  days 6,000 

Annual  supplies  costs,  810X300  days 3,000 

Total  annual  operating  costs $27,850 

Total  annual  fixed  charges 21,230 

Total  annual  costs 849,080 

Cost  per  ton  of  ice  for  operation Si .  162 

Cost  per  ton  of  ice  for  fixed  charges o. 885 

Cost  per  ton  of  ice,  total $1 .947 
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PROBLEMS 

1.  If,  in  the  above  example,  the  plant  is  operated  for  only  loo  hours  per 
year,  segregate  and  determine  the  costs. 

2.  If,  in  the  above  example,  the  plant  is  operated  at  only  half  load, 
segregate  and  determine  the  costs. 

3.  A  loo-ton,  steam-driven  refrigerating  plant  is  found  to  have  the 
following  costs: 

Boiler  plant $  9,000 

Steam  piping,  etc 3,000 

Engine  for  direct  connection 14,000 

Compressor,  piping,  condenser 16,000 

Freezing  system 50,000 

Ice  storage 4,000 

Buildings 60,000 

Land 1 2,000 

Raw  stock  carried 4,000 

Finished  stock  carried 5, 000 

Chief  engineer,  per  day $  8.00 

Assistant  engineer,  per  day 6 .  00 

Oilers,  per  daj' 10 .  00 

Firemen,  per  day 10.00 

Tankmen,  per  day 16.00 

Helpers,  per  day 8 .  00 

Fuel,  per  day So .  00 

Supplies,  etc.,  per  day 10.00 

The  interest,  maintenance,  and  repair  rates  are  as  given  in  Example  2, 
and  the  same  amount  of  ice  is  produced  annually.  Segregate  and  deter- 
mine all  of  the  costs,  (a)  when  the  plant  is  operated  as  given;  (b)  when 
operated  for  only  half  the  time  per  year,  that  is,  150  instead  of  300  days; 
and  (c)  when  operated  for  the  entire  300  days  but  at  half  load. 


CHAPTER  II 

FUNDAMENTAL  FINANCIAL  CALCULATIONS 

Compound  Interest.  Principal.  Equity.  Term  Factor.  Operating 
Vestance.  Depreciation  Rate.  Present  Worth  of  a  Depreciating 
Equipment.  Depreciation  Vestance.  Total  V'estance.  Annual 
Operating  Costs. 

28.  Interest. — The  loan  of  money  is  paid  for  by  the  payment 
of  interest  which  is  usually  expressed  as  a  certain  per  cent  of 
the  principal.  The  loan  of  money  is  always  for  a  limited  term 
of  years,  at  the  end  of  which  time  the  principal  must  be 
returned,  the  interest  in  the  meantime  being  paid  when  due. 
This  is  so-called  Simple  Interest.  On  the  other  hand,  instead 
of  paying  the  interest  when  due,  it  may  be  added  to  the  prin- 
cipal and  become  a  part  thereof,  the  sum  of  the  two  thereafter 
bearing  interest.  This  is  called  Compound  Interest.  Thus  we 
meet  the  problems  of  how  much  would  a  principal  amount  to 
in  a  certain  number  of  years,  bearing  compound  interest  at  a 
given  rate,  and  conversely,  knowing  that  a  certain  amount  is 
due  in  a  given  number  of  years  at  a  known  interest  rate,  to 
find  its  present  value. 

29.  Compound  Interest  Formula. — Letting 

P   =  the  principal, 
R   =  the  rate  of  interest, 
N  =  the  number  of  years, 
and     A    =  the  amount  at  compound  interest, 
then 

A  =  P{i+  RT, 
or 

p 
A  = — -  in  terms  of  the  term  factor  (see  section  35). 

I  -in 

This  can  be  easily  shown  as  follows: 

23 
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Example  3.     To  begin  with  we  have 
Ao  =  P  dollars. 
At  the  end  of  the  first  year,  this  has  increased  to 

A,  =  P{i  +  R), 
so  at  the  end  of  the  second  year,  it  is 

Ao  -  P{i  +  R)  {1  +  R)  =  P{i  +  RY. 
And  at  the  end  of  the  third  year,  we  have 

^3  =  P(i  +  RY  (i  +  i?)  =  ^(i  +  RY, 
and  so  on.     At  the  end  of  {n)  years,  it  is  evidently 

Ar.    =    P(l   +   RY   =   —^ (l) 

I    —    In 

Example  4.     How  much  will  $100  amount  to  in  10  years  at 
8%  compound  interest? 
Solution:  In  this  case 

A  =  100(1.08)10 
or 

log  A  =  log  100  +  10  log  1.08 

=  2  +  10  X  0.0334  =  2.334, 
so  that 

A  =  $215.80. 

Example  5.     In  how  many  years  will  a  sum  of  money  treble 
itself  at  10%  compound  interest? 

Solution:  In  this  case  we  have  • 


where 


j  =  U  +  R)", 


p  =  3 
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and 
so  that 
and 
or 

whence 


R  =  o.io, 

3  =  (i-i)", 
wlog  I.I  =  log  3, 


log  I.I       0.0414' 
n  =  11.52  years. 


30.  Principal. — Knowing  the  sum  of  money  that  will  be 
due  in  a  certain  number  of  years  at  a  given  rate  of  compound 
interest,  we  can  find  its  present  worth,  by  solving  the  above 
formula  for  (P),  thus 

^  =  (TTW  -  ^  ^' - ''-^ W 

Example  6.     One  thousand  dollars  is  due  in  ten  years,  the 
compound  interest  rate  being  7%.     What  is  its  present  worth? 
Solution:  In  this  case 


A  =  $1000, 

and 

R  =  7%, 

n  =  10, 

so  that 

p  _     1000 

(1.07)10' 

or 

log  P  =  log  1000  —  10  log  1.07 

=  3  —  10  X  0.0294  =  2.706, 
whence 

P  =  $508.10. 

31.  Equity. — If  the  operation  of  a  certain  equipment  is 
guaranteed,  and  its  actual  performance  falls  below  the  guarantee, 
the  cost    of    operation    of  this    unit  will    be    increased    by  a 
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certain  amount.  In  such  a  case  a  certain  sum  (the  equity) 
must  be  deducted  from  the  price  of  the  unit  to  compensate  the 
purchaser  for  this  loss  in  guaranteed  economy.  On  the  other 
hand,  if  the  guarantee  is  exceeded,  a  certain  sum  should  be 
added  to  the  price  to  compensate  the  manufacturer  for  the 
increased  economy  attained. 

In  determining  the  equity,  it  is  evident  that,  if  we  capitalize 
this  annual  amount  b}'  which  the  guaranteed  economy  falls 
short  (or  is  exceeded)  at  the  usual  rate  of  interest,  and  pay 
this  sum  to  the  purchaser,  he  will  receive  this  annuity,  as 
interest  therefrom,  forever,  whereas  the  equipment  has  a 
limited  life  only.  We  would  thus  be  paying  too  much.  Call- 
ing (a)  the  annuity,  or  the  annual  cost  of  operation  in  excess 
of  the  guarantee,  and  (R)  the  interest  rate,  then  this  capitalized 
amount  (A)  will  equal 

Instead  of  deducting  {A)  dollars  from  the  selling  price  (C) 
which,  as  pointed  out  above,  would  be  too  large  a  sum,  we 
should  loan  this  sum  (.4)  to  the  purchaser  during  the  life  of  the 
unit,  without  charge,  the  principal  to  be  returned  by  him  at  the 
end  of  this  time;  the  interest  thereon  would  compensate  the 
purchaser  for  the  reduced  efficiency.  This  would  be  an  equi- 
table adjustment.  But  this  adjustment  can  be  simphfied.  If 
instead  of  waiting  for  {n)  years,  the  life  of  the  equipment  before 
the  amount  (.4)  is  returned,  we  deduct  from  this  amount  {A), 
due  in  (;/)  years,  its  present  worth  (P),  then  we  can  reach  a 
complete  adjustment  at  once.  This  difference  {A  —  P)  is  the 
equity  (£)  ,  so  that 


(ref.  eq.  2) 


Vv,  t  4- 

E  =  {A-  P), 

DUt 

P-        ^ 

and 

(i  +  RY' 

A  -"" 
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SO  that 


E  =  A  -  -, — ^^^_  =  A 


(i  +  Ry-  1 


(i  +  Rr       I  (i  +  i?) 

or 


-A 


'-^ 


(i  +  Rr 


(i  +  /?)"     J        R 


a 


(i  +  rA'   '    '    ^^^ 


32.  Alternate  Solution. — We  can  obtain  the  above  formula 
in  a  more  direct  but  also  more  laborious  way  as  follows:  To 
begin  with  we  lay  aside  E  dollars.  At  the  end  of  the  first  year, 
this  has  increased  to 

£(i  +  R)  dollars, 

from  which  we  must  pay  the  purchaser  (a)  dollars.  So  we 
have  left 

[E(i  -h  R)  -  a]  doUars. 

This  will  increase  to 

[£(i  +  R)  -  a]  (i  +  i?)  =  E{i  +  Ry  -  fl(i  -\-R)  dollars 

at  the  end  of  the  second  year,  when  we  must  pay  out  the  second 
installment  of  the  annuity.     After  this  we  have  left 

£(i  +  R)^  -  a(i  -\-  R)  -  a 

which  will  increase  to  [E(i  +  R)^  -  a(i  +  R)^  -  ad  +  R)] 
at  end  of  the  third  year.  So  at  the  end  of  the  third 
year,  we  have  left  after  paying  the  third  installment  of   (a) 

dollars, 

E(i  +  i?)3  -  a(i  +  Ry-  -  a{i  -\-  R)  -  a, 

and  at  the  end  of  («)  years  we  have  left 

E{i -\- Ry  -  a{i  +  Ry-'  -  ail -^  Ry-^    .    .    . 

a(i  +  Ry  -  a(i  +  i?)  -  a. 

If  (n)  is  the  life  of  the  equipment — the  term  of  the  annuity 
— the  balance  left  on  hand  should  be  zero,  so  that 

[E{i  +  Ry  -  a{i -\- Ry-' -  a{i  +  Ry-~  .   .   . 

—  a(i  -^  R)  —  a]  =  o, 
or 

E{i  + Ry  =  a[(i -h  Ry-' -\- (i  +  Ry~^  .  .  . 

+  (i  +  i^)  +  i]. 
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We  have  next  to  find  the  sum  of  the  series  on  the  right  hand. 
CalHng  this  sum  (S),  then 

E{i  +  R)"  =  aS, 
and 

5  =  (i  +  Ry-'  +  (i  +  Ry-'  .  .  .  +  (i  +  i?)  +  I. 

Multiplying  through  by  (i  -\-  R) ,  we  get 

{i  +  R)s  =  (i  +  i?)"  +  (i  +  i?r-^  .  .  . 

+  (i  +  Rf  +  (i  +  Ry  +  (i  +  R). 

Now  subtracting  (S)  from  the  left  hand  side  of  this  equation,  and 
its  value,  the  foregoing  series,  from  the  right  hand  side,  we  get 

{i  +  R)S  -S  =  (1  +  Ry  -  I, 
or 

RS  =  u  +  Ry  -  1, 

and 

(i  +  Ry  -  I 


s  = 


R 


But  since  E{i  -\-  Ry  =  aS  we  can  substitute  for  (S)  its  value 
just  found  and  get 


or 


Rl 


(i  +  /?)"  J    Ri     (i  +  Ry\ 


as  before. 

33.  Example  7.  A  100  h.p.  engine  is  guaranteed  to  consume 
not  over  20^  of  steam  per  h.p.h.  A  test  shows  its  actual  con- 
sumption to  be  22^ .  If  the  engine  is  run  at  full  load  for  3000 
hours  per  year  and  the  steam  costs  20  cents  per  iooo# ,  what 
will  be  the  amount  which  should  be  deducted  from  the  pur- 
chase price  of  the  engine  to  compensate  for  this  loss  in  econ- 
omy?    The  life  of  the  engine  is  20  years;  interest  rate  5%. 
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Solution:  Under  the  above  conditions,  the  engine  evidently 
uses  200#  of  steam  per  hour  in  excess  of  the  guarantee.  In  a 
year  of  3000  hours  it  would  use  in  excess 


costing 

so  we  have  that 


3000  X  200  =  6oo,ooo# , 
600,000 


1000 


X  0.20  =  $120, 


a  =  Jt5i2o, 
R  =  0.05, 
n  =  20, 


whence 

F  = 

0.05  (1.05) 


„  120  (1.05)20    —     I  w  ^ 

E  =  ——  •       ^j'^^^Q —  =  2400  X  0.62312, 


or 

E  =  $1495.49. 

34.  Example  8.  A  300  h.p.  motor  is  sold  for  $1800  with  a 
guaranteed  efficiency  of  92%.  It  is  used  at  full  load  for  3000 
hours  per  year.  The  life  of  the  motor  is  20  years  and  the  power 
costs  one  cent  per  h.p.h.  If  the  motor  develops  only  90%  effi- 
ciency, how  much  should  be  deducted  from  the  price  to  com- 
pensate the  purchaser  therefor,  assuming  an  interest  rate  of 

6%? 

Solution:  The  horse  power  that  would  be  consumed  by  the 
motor  under  the  guarantee  is 

300  -^  0.92  =  326  h.p., 

while  it  actually  consumes 

300  ^  0.90  =  sss-3  h.p., 
a  difference  of 

333-3  -  326  =  7-3  h.p.; 

costing  7.3  cents  per  hour  or 

0.073  X  3000  =  $219  per  year. 
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So  we  have  here  that 

a  =  $219, 
R  =  0.06, 
n  =  20, 

219      (1.06)20  _  I 


so  that 


E  = 


or 


0.06        (1.06)20     ' 

E  =  $2511.97. 

The  corrected  price  would  then  be 

1800  —  2511.97  =    —  $711.97. 

That  is,  assuming  we  can  get  a  motor  of  92%  efficiency  from 
another  firm,  we  could  not  afford  to  accept  this  motor  as  a 
present,  unless  we  received  therewith  a  cash  bonus  of  $711.97. 

35.  Term  Factor. — The  factor  — -. — ,    „.  —  we  shall  desig- 

(i  +  -f^) 

nate  for  convenience  the  term  factor  (T),  so  that 

-  =  f (^) 

In  the  table  below,  we  give  the  values  of  this  term  factor  (T) 
for  various  values  of  the  interest  (R)  and  the  life  («)• 

Example  9.  What  is  the  difference  in  worth  per  h.p.  of  two 
Diesel  engines,  one  of  which  uses  0.40^  of  oil  per  h.p.  and  the 
other  uses  0.46^  oil  per  h.p.  if  the  engines  are  used  at  full  load 
for  4000  hours  per  year,  the  oil  costs  0.5  cent  per  pound, 
interest  7%  and  the  life  of  the  engines  are  25  years? 

Solution:  The  difference  in  fuel  used  per  h.p.h.  is  0.06;^  and 
per  year  is  0.06  X  4000  =  240^,  costing  $1.20.     So  we  have 

a  —  $1.20, 
R  =  0.07, 
«  =  25  years. 
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Whence  from  table  2, 


and 


or 


T  =  0.81575, 


E  = X  0.81575, 

0.07 


E  =  $13.98443. 

That  is,  the  engine  using  only  0.407^  oil  per  h.p.h.  is  worth 
about  fourteen  dollars  more  per  h.p.  than  the  engine  using  0.46^  . 
Evidently  it  would  not  pay  to  spend  more  than  this  amount 
to  gain  this  added  economy. 

Example  10.  What  is  the  difference  in  worth  between  a 
steam  plant  using  2#  of  coal  per  h.p.h.  and  a  producer  plant 
using  i#  coal  per  h.p.h.,  the  coal  costing  $5  per  ton  and  interest 
being  6%,  if  the  lives  of  the  plants  are  20  years,  and  they  are 
run  at  full  load  for  3000  hours  per  year,  other  things  being  equal? 

Solution:  At  $5  per  ton,  the  coal  costs  ^  cent  per  pound. 
The  steam  plant  therefore  cost  }  cent  per  h.p.h.  more  than  the 
producer  plant,  or  ^  X  3000  =  $7.50  more  per  year  per  h.p. 
So  then  we  have 

a  =  $7.50, 
R  =  6%, 


Whence  by  table  2, 
and 


or 


n  =  20  years. 
T  =  0.68821, 


E  =  ^^  X  0.68821, 
0.06 


E  =  $86.02625. 


That  is,  under  the  conditions  assumed,  the  producer  plant  is 
worth  86  dollars  more  per  h.p.  than  the  steam  plant. 

Example  11.  Determine  how  much  more  we  could  pay  for  a 
hydro-electric  power  plant  and  transmission  line,  than  for  a 
steam  plant,  to  be  run  at  full  load  for  3000  hours  per  year, 
if  the  operating  costs  for  the  latter  are  0.6  cent  per  h.p.h.,  while 
for  the  hydro-electric  system,  they  are  only  0.2  cent.     Assume 
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the  life  in  either  case  to  be  30  years  and  interest  to  be  5%  while 
all  other  things  arc  equal. 

Solution:  In  this  case  it  costs  0.4  cent  more  per  h.p.h. 
for  the  steam  plant  than  for  the  hydro- electric  plant,  or 
0.004  X  3000  =  $12  more  per  h.p.  year.     So  we  have 

a  =  12.00, 

R  -  5%, 

n  =  30. 
whence  by  table  2, 

T=  0.76861, 
and 

E  =  — —  X  0.76861, 
0.05 


or 


E  =  $184.4664. 


Example  12.  A  Diesel  engine  plant  uses  0.4^  of  fuel  oil  per 
h.p.h.  costing  $1.60  per  barrel  (320^),  while  the  attendance 
cost  is  0.1  cent  per  h.p.h.  A  steam  plant  uses  3,^  coal  per 
h.p.h.  costing  $5  per  ton  with  an  attendance  cost  of  0.2  cent 
per  h.p.h.  These  plants  are  assumed  to  have  a  life  of  15  years. 
If  interest  is  5%  and  the  plants  are  to  be  run  for  4000  hours 
per  year  at  full  load,  what  is  the  difference  in  worth  between 
the  two? 

Solution:  At  $1.60  per  barrel,  the  oil  costs  0.5  cent  per  lb., 
so  that  for  the  Diesel  Engine  Plant  we  have 

Fuel  cost  =  0.4  X  0.5  =  0.2  cent, 
Attendance  =  0.1  cent, 
Operating  cost  =  0.2+0.1  =0.3  cent. 

At  $5  per  ton,  the  coal  costs  0.25  cent  per  lb.,  so  that  for  the 
steam  plant  we  have 

Fuel  cost  =  0.3  X  0.25  =  0.75  cent, 
Attendance  =  0.2  cent, 
Operating  cost  =  0.75  +0.2  =  0.95  cent. 
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Evidently  the  steam  plant  costs  0.95  —  0.3  =  0.65  cent  more 
per  h.p.h.  than  the  Diesel  plant,  or  0.0065  X  4000  =  $26  more 
per  year.     So  we  have. 

a  =  $26, 

w  =  15  years, 

R  =  5%. 
T  =  0.51897, 

„       26.00  ^^  „ 

E  = X  0.51897, 

0.05 


and 

Whence  by  table  2, 

and 

or 


$269.8644. 


36.  The  Depreciation  Rate  is  a  certain  per  cent  of  the  first 
cost  which  is  annually  laid  aside  to  form  the  depreciation 
reserve.  This  rate  must  be  such  that  at  the  end  of  the  life 
of  the  equipment,  the  depreciation  reserve,  together  with  its 
accumulated  interest,  will  equal  the  first  cost  less  the  scrap 
value  of  the  equipment.  The  item  of  accumulated  interest 
on  the  depreciation  reserve  has  often  been  overlooked  in  the 
past,  introducing  a  very  great  error.  Thus  if  the  life  of  a  cer- 
tain item  of  equipment  is  50  years,  it  has  usually  been  assumed 
that  the  depreciation  rate  was  2%.  We  shall  show  later  that 
this  is  about  six  times  too  large — an  error  of  600%. 

37.  To  solve  this  problem  correctly,  we  must  determine 
an  amount  or  annuity  {A)  which,  when  laid  aside  each  year 
for  {n)  years,  the  life  of  the  equipment,  and  drawing  interest 
at  (i?)  per  cent,  compounded  annually,  will  amount  to  {W) 
dollars,  the  first  cost  of  the  unit  less  its  scrap  value,  i.e.,  its 
wearing  value.  The  depreciation  rate  (D)  which  should  be 
applied  only  to  the  wearing  value  (Traction  Valuation  Com- 
mission of  Chicago,  1906)  is  then  merely. 
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It  is  difficult  to  determine  for  long  periods  in  advance  the  scrap 
value  of  any  item  of  a  system,  and,  furthermore,  this  item  is 
small  in  comparison  with  the  first  cost.  In  practice  it  is  cus- 
tomary to  neglect  this  difference  and  apply  the  depreciation 
rate  to  the  first  cost  (C),  getting  the  approximate  equation. 

^  =  1 w 

This  will  be  correct  if  it  is  understood  that  at  the  time  of  a 
purchase  of  a  new  unit  the  scrap  value  of  the  replaced  unit  is 
applied  to  this  purchase  and  not  treated  as  an  asset  of  the  un- 
dertaking. This  will  give,  then,  exact  results,  when  an  attempt 
to  determine  the  scrap  value  of  a  unit,  15,  20,  or  30  years  hence 
would  be  only  a  wild  guess.  The  determination  of  the  deprecia- 
tion rate  follows,  in  accordance  with  these  latter  conditions. 

38.  Let  A  =  the  depreciation  annuity  (or  amount), 
R  =  the  interest  rate, 
C  =  the  first  cost, 
n  =  the  life  of  the  unit, 
and  D  =  the  depreciation  rate. 

Then  at  the  end  of  the  first  year,  we  deposit  (A)  dollars,  so  that 
the  depreciation  reserve  is 

Fi  =  A  dollars. 

At  the  end  of  the  second  year,  due  to  the  interest  rate,  this  will 
increase  to  ^(i  +  R)  dollars,  to  which  we  add,  by  deposit 
another  (A)  dollars.     The  depreciation  reserve  is  then 

F2  =  [^(i  +  R)  -{-  A]  =  A[(i  -\-  R)  +  i]  dollars. 

At  the  end  of  the  third  year  this  increases  to  [^(i  -\-  R)  -\-  A] 
{i  -\-  R),  to  which  we  add  another  (A)  dollars  by  deposit, 
making  the  reserve  then 


or 


F3  =  ^[(i  +  i?)  +  i](i  +  R)  +  A, 
Fs  =  ^[(i  -Hi?)2  +  (i  -^R)  +  1], 
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SO  at  the  end  of  the  fourth  year  it  is 

F^  =  A[{i  +  Rf  +  (i  +  RY  +  (i  +  i?)  +  i], 
and  at  the  end  of  the  (w)  year,  the  depreciation  reserve  is 

Fn  =  A[{i  + Rf +  {i  + Ry-'     .     .     . 

+  (i  +  R)'^  +  (i  +  i?)  +  i]  dollars. 
Again,  calling 

s  =  {i  + Ry-' +  {i  + RT"'  .  .  .  -^{i  +  Ry  +  1, 

then 

^  _  (i  +  J?)-  -  I 

so  that 

Fn  =  ^(i  +  Ry  -  i]. 

But  at  the  end  of  (w)  years,  where  {n)  is  the  life  of  the  equip- 
ment, the  depreciation  reserve  (F„)  must  equal  (C),  the  first 
cost,  whence 

c  =  ^[(i  +  Ry  -  i], 

or 

A  R 


C        {i+Ry-i' 

A 
But  the  depreciation  rate  (D)  equals  — ,  by  eq.   (6),  so  that 


Since,  however, 
we  get 


^  '  (I  +  ^)-  - (') 


Tn   =    I    — 


(I  +  RY 


or 


(i  +  R) 
(i+R) 


-— -  =  (i  -  T„), 


(l    -    TnY 


R( 

I  - 

-    Tn) 

I  — 

(i 

-    TnY 

R(i 

— 

Tn) 
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Therefore,  by  substituting  this  value  of  (i  +7?)"  in  eq.  (7),  we 
get  that 

D 

or 

^  =  "%    ^" (8) 

This  equation  saves  much  labor  in  making  calculations  as 
compared  with  that  required  when  eq.  (7)  is  used. 

Example  13.     The  life  of  an  engine  is  10  years,  the  interest 
rate  is  6%.     What  is  the  depreciation  rate? 

Solution:  Here  n  =  10  years, 
R  =  0.06, 


so  that 


r>  _  0-o6(i  -  0.44161)  _  ^  ^0/ 


instead  of  10%  usually  assumed. 

Example  14.      If   in   example    13,    the   interest   rate   is  8% 
instead  of  6%,  what  will  be  the  depreciation  rate? 

Solution:  Then  n  =  10  years, 

R  =  8%, 


whence 

0-53679 


J)  ^  o.o8(i  -  0.53679)  _  5( 


The  larger  the  interest  rate  or  the  longer  the  life  of  the  equip- 
ment, the  smaller  the  depreciation  rate. 

Example  15.     The  life  of  a  concrete  building  is  50  years, 
the  interest  rate  is  6%.     What  is  the  depreciation  rate? 

Solution:  Here  R  =  6%, 

w  =  50  years, 
so  that 

=  o-o6(i  -  0.94569)  ^         c^ 
0.94569  ^^^"^ 
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That  is,  the  depreciation  rate  is  approximately  one-third  of 
one  per  cent  instead  of  the  2%  usually  assumed,  giving  an 
error  of  some  600%  as  mentioned  before. 

In  order  to  facilitate  calculations,  we  give  in  Table  3,  the 
depreciation  rate  for  various  values  of  (w)  and  (R),  according 
to  eq.  (8). 

39.  We  have  spoken  thus  far  only  of  depreciation.  Machinery 
depreciates  with  age.  But  lands,  live-stock,  and  the  like  almost 
invariably  appreciate  in  price.  Evidently,  appreciation  is  merely 
negative  depreciation,  so  that  if  we  charge  depreciation  as  a 
cost,  we  must  charge  appreciation  as  a  profit. 

Lands  invariably  increase  in  value  with  the  increase  in  popu- 
lation in  their  vicinity,  or  in  the  development  of  their  resources 
previously  lying  undeveloped  and  perhaps  undiscovered.  The 
increase  in  price  of  land  with  population  is  very  pronounced. 
Live-stock  appreciates  by  natural  processes.  But,  besides 
this,  all  things  may  increase  in  price  due  in  reality  to  a  depre- 
ciation of  the  currency.  With  such  conditions,  they  really  do 
not  increase  in  worth  at  all.  A  pound  of  wheat  has  no  more 
nutritive  value  now  than  a  hundred  years  ago,  though  it  now 
costs  many  times  as  much.  Its  nutritive  value  is  a  constant. 
Its  increased  cost  is  only  apparent  due  to  the  decreased  price 
of  the  money. 

So  a  piece  of  machinery  may  increase  in  price,  but  not  worth, 
due  likewise  to  the  decreased  price  of  gold.  Where  the  price 
of  the  metals  and  labor  has  doubled,  it  is  evident  that  the 
price  of  the  machine  must  be  doubled,  which  merely  means, 
according  to  our  present  system  of  exchange,  that  it  will  take 
twice  as  much  gold  now  to  buy  the  same  machine  of  the  same 
worth  as  before. 

The  increased  production  of  gold  results  in  a  decrease  in  its 
price,  which-  is  determined  by  the  demand  for  the  gold  for 
such  unprofitable  uses  as  ornamentation  and  exchange,  and  for 
real  use  in  industry.  The  price  that  can  be  paid  for  gold  for 
industrial  use  is  strictly  limited  by  its  intrinsic  worth:  the 
price  it  may  have  when  used  for  ornamentation  and  exchange 
is  a  problem  of  mob  psychology  rather  than  one  of  science.     As 
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the  production  increases,  the  price  falls,  and  with  the  fall  in 
price,  more  gold  is  used  in  industry.  When  the  price  has  fallen 
sufficiently,  all  that  is  produced  will  be  put  to  good  use  and  the 
substance,  gold  or  whatever  it  may  be,  will  have  fallen  to  its 
true  comparative  value,  or  industrial  worth. 

It  must  be  borne  in  mind  that  the  prices  of  iron,  copper  and 
nickel,  as  well  as  silver  and  gold,  went  through  the  same  stages, 
from  high  artificial  price  to  real  industrial  worth. 

40.  In  the  development  of  any  enterprise,  there  are  usually 
two  dift'erent  interests  engaged,  namely  the  owners  of  the 
organization,  that  is  the  stockholders,  and  the  bondholders. 
Both  are  investors  in  the  undertaking,  but  their  interests  in  its 
conduct  are  different.  The  interest  of  the  bondholders  demands 
that  the  undertaking  be  handled  extremely  conservatively  and 
that  the  equipment  of  the  enterprise  be  kept  wxll  up  to  par. 
In  this  way  their  investment  will  at  all  times  be  well  secured. 
The  bondholders'  interest  demands  that  a  large  depreciation 
reserve  be  maintained.  On  the  other  hand,  the  interest  of  the 
stockholders  demands  that  enough  income  be  produced  to 
pay  the  interest  on  the  bonds  and  that  enough  extra  money  be 
saved  to  pay  off  the  bonds  as  they  become  due.  This  is  often 
a  very  heavy  burden,  and  in  order  to  meet  it  the  stockholders 
must  be  enterprising,  even  to  the  extent  of  taking  a  chance. 

The  greatest  risk  in  the  development  of  most  undertakings  is 
lack  of  knowledge  of  the  conditions  to  be  met;  or,  where  such 
conditions  are  known,  there  may  still  be  the  lack  of  ability  to 
predetermine  the  attainable  results.  As  this  knowledge  and  the 
need  for  this  information  are  appreciated,  the  risk  is  reduced 
and  the  busine'ss  reaches  greater  stability. 

There  is  an  almost  continual  surging  of  capital  from  stocks 
to  bonds  and  from  bonds  to  stocks,  with  the  times.  Thus,  if 
the  investors  believe  that  prosperous  times  are  ahead,  they 
will  sell  their  bonds  and  invest  the  proceeds  in  stocks,  in  order 
that  they  may  share  in  the  anticipated  large  profits.  The  result 
of  such  action,  when  it  occurs  in  relatively  large  mass,  is  to 
cause  the  price  of  stocks  to  rise  and  that  of  bonds  to  fall.  If 
bad  times  are  being  anticipated  the  stockholders  w^ill  endeavor 
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to  sell  their  stocks  and  purchase  bonds  with  the  proceeds, 
so  that  their  capital  and  income  will  be  secured.  Needless 
to  say,  such  actions  tend  to  upset  business.  They  are  not 
sound  but  are  based  upon  lack  of  knowledge  of  the  real 
value  of  investments.  The  wise  investor  usually  acts  in 
the  opposite  manner  to  the  stampede  of  the  mass,  buying 
bonds  when  they  are  cheap  and  selling  them  when  their  price 
is  high,  that  is,  when  they  are  in  great  demand.  In  the  same 
way,  he  invests  in  stocks  when  their  price  is  low  and  sells  when 
the  demand  for  them  is  high.  This  may  appear  to  be  taking 
advantage  of  ignorance,  and  such  indeed  it  may  be;  but  there 
seems  to  be  no  other  way  of  educating  some  people  or  of  pre- 
venting, at  least  in  a  measure,  the  damage  that  their  thought- 
less actions  do. 

41.  While  each  item  of  a  plant  has  usually  a  different  depre- 
ciation rate,  yet  a  mean  rate  for  the  entire'  plant  may  be  ob- 
tained so  that  the  plant  may  be  treated  as  a  whole.  This  is 
illustrated  in  the  following  illustrative  example. 

Example  i6.  A  power  plant  of  looo  h.p.  consists  of  the  fol- 
lowing items,  with  costs  and  depreciation  rates  as  set  forth. 
Determine  the  mean  depreciation  rate. 

Depreciation 


Item 


Grounds 

Buildings,  concrete 

Turbo-generators 

Condensers 

Boilers 

Stokers 

Stacks,  brick 

Coal  bins,  steel 

Coal  conveyers 

Boiler  feed  and  service  pumps 
Feed  water  heaters,  open.  .  .  . 

Switchboard  and  wiring 

Exciters 

Foundations  (mach.) 

Piping  and  conduits 

Crane 


Cost 


5i6,ooo.oo 
9,000.00 

18,000.00 
3,800.00 

18,000.00 
3,500.00 
3,000.00 
1,800.00 
4,000 .  00 
800 . 00 
1,600.00 
2,400.00 
1,700.00 
1 ,000 . 00 
5,600.00 
1,200.00 


Rate 


8.0% 

0.3 
2.7 
4.0 
1 .0 
6.0 
0-33 
5  9 
6.0 
30 
1 .0 
0-35 
30 
o 

30 
03 


Amount 


$1280.00 

27.00 

486.00 

152.00 

180.00 

210.00 

9. go 

106. 20 

240.00 

24.00 

16.00 

8.40 

51.00 

00.00 

168.00 

3.60 
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Solution:  Summing  up  the  costs  gives  us  a  total  of  $91,400 
for  the  plant.  So  also  summing  up  the  depreciation  amounts 
gives  us  $1682.10  —  $1280  =  $402.10  net  depreciation.  The 
mean  depreciation  rate  is  evidently  the  net  depreciation  amount 
divided  by  the  total  cost,  or 

402.10  -=-  $91,400  =  0.44^  A  US. 

42.  Present   Worth    of   a   Depreciating   Equipment. — As   an 

equipment  depreciates,  the  sum  of  its  present  worth  plus  the 
depreciation  fund,  together  with  accrued  interest  thereon, 
equals  the  first  cost  of  the  equipment.  It  is  often  desirable  to 
know  the  worth  of  a  depreciating  unit  at  some  given  time. 
This  we  can  determine  as  follows : 

As  before  let  C  =  the  first  cost, 

D  =  the  depreciation  rate, 
R  =  the  interest  rate, 
n  =  the  total  life  of  the  unit, 
and  m  =  the  actual  age  of  the  unit. 

At  the  end  of  each  year  we  lay  aside  DC  dollars.  So  at  the 
end  of  the  first  year  the  depreciation  fund  (F)  amounts  to 

Fi  =  DC. 

This  increases  to  DC{i  +  R)  at  the  end  of  the  second  year,  to 
which  we  add  another  DC  dollars.  The  depreciation  fund 
therefore  amounts  to 

F2  =  DC{i  +  R)  +  DC  =  DC[{i  +  R)  +  i]. 

So  also  at  the  end  of  the  third  year  the  depreciation  fund  is 

Fi  =  DC[{i  +  Rr  +  (i  +  i?)  +  i]. 
And  at  the  end  of  (w)  years,  it  is 
Fm  =  DCiii  +  R)""' +  {i  +  RT-^    .    .     .     +(i  +  i?)  +  i]. 
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But 

(i  +7?)"-i  +  (i  +  RT'^     .     .     .     4-  I  =  li  +  ^^^  ~  ' 


R 


so  that 
But  since 


D  = 


(i  +  i?)"  -  1 
we  get  by  substitution 

C[(i  +  Jg)"  -  i] 
(i  +  /?")-  I    • 


/^™  = 


The  present  worth  (W)  is  the  first  cost,  (C),  less  the  total  depre- 
ciation {Fm),  SO  that 

W    ^C    -    Fm, 

which,  by  substitution,  becomes 

XX.  _  r     ^t^^  +  Rr  -  i] 
(i  +  i?)"  -  I  • 

This  equation  may  be  written  in  the  form 


{i+  Rf  -  i\' 
so  that 

w  -r\          (i  +  i?)"  -  I  -  fi  +  RT  +  I 

1  (i  +  i?)"  -  I 

or 

and  therefore 


(i  +  i?)"  -  I 


Dividing  this  equation  in  both  numerator  and  denominator  by 
(i  +  RY"^  gives 


(l  +  i?)"-'"         (l  +  i?j"  -  I 
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or 

(i  +  Ry-""  -  I       (i  +  RT 


w  =  c 


(i  +  R)"-""        (i  +  i?)"  -  I 
But 

_  (i  +  RT""-  I 

1    n-m  /  1       D^  ' 

and 

I   _      (i  +  RY 
T,       (i  +  RT  -  i' 

and  therefore 

CT 
W='^ (9) 

This  is  the  Benitz  transformation,  first  developed  by  Pro- 
fessor Benitz  and  later,  independently,  by  two  other  able 
engineers.  It  is  not  only  a  very  interesting  transformation, 
but  simplifies  the  work  very  greatly. 

Example  17.  The  original  cost  of  a  unit  is  $10,000  and  its 
life  is  30  years.  The  interest  rate  is  5%.  What  is  the  worth 
of  the  unit  at  the  end  of  the  20th  year? 

Solution:  In  this  case 


n  =  30  years, 
m  =  20  years, 

R  =  5%, 
C  =  $10,000, 

Tn-m    =    TlO    =    0.38609, 

10,000  X  0.38609 


and 

so  that 


or 


W  = 

0.76861 

W  =  $5023.90. 


Example  18.  A  building  has  a  life  of  50  years.  Interest  is 
4%.  What  per  cent  of  the  first  cost  is  its  worth  at  an  age  of 
40  years? 
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Solution :  In  this  case 

n  =  50  years, 
m  =  40  years, 


R  = 


^0, 


whence 


C  =  100%, 

Tn-m    =     7^10    =    0.32441, 

w  =  ^£1^  =  37.756%. 

0.85928 

43.  Vestance. — The  first  cost  of  the  same  type  of  equip- 
ments varies  greatly.  The  Hfe  of  the  various  types  and  their 
cost  of  operation  offer  two  more  intensely  variable  conditions. 
Besides  all  these,  we  must  consider  the  different  classes  of  equip- 
ment that  are  all  designed  to  serve  the  same  purpose.  Thus, 
for  example,  we  have  to  consider  the  various  classes  of  pumps, 
such  as  reciprocating,  centrifugal,  and  jet  pumps.  And,  for 
any  one  class,  e.g.,  reciprocating  pumps,  we  must  consider  the 
various  types,  such  as  simplex,  duplex,  or  triplex  pumps, 
single  or  double  acting,  vertical  or  horizontal,  and  so  forth. 

With  such  a  kaleidoscopic  mass  of  variable  factors,  it  would 
seem  at  first  hardly  possible  to  get  a  basis  from  which  compara- 
tive values  of  such  different  classes  and  types  may  be  deter- 
mined. Yet  such  a  basis  may  be  rather  readily  obtained  in  what 
we  call  vestance,  the  total,  present  cost  of  a  permanent  service. 

We  shall  lead  up  to  this  with  the  following  example. 

Example  19.  If  we  make  a  certain  crossing  with  a  wooden 
bridge,  it  will  cost  $10,000  and  its  life  will  be  ten  years.  If  we 
make  this  crossing  with  a  steel  bridge,  its  cost  will  be  $18,000 
and  have  a  life  of  thirty  years.  If  the  interest  rate  is  6%,  which 
of  the  two  bridges  will  be  the  most  economical  investment? 

Solution:  The  first  cost  of  the  wooden  bridge  is  $10,000. 
At  the  end  of  ten  years  we  must  rebuild  the  wooden  bridge 
at  the  cost  of  another  $10,000.  Finally  at  the  end  of  twenty 
years,  we  must  again  rebuild  the  wooden  bridge  at  the  cost  of 
still   another   $10,000,   when,   neglecting   other   considerations, 
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we  will  have  attained  the  life  of  the  steel  bridge,  30  years,  and 
rendered  with  the  wooden  bridge,  or  rather  with  three  wooden 
bridges,  the  same  ser\-ice  as  with  the  steel  bridge. 

To  begin  with,  then,  we  invest  $10,000.  At  the  end  of  ten 
years  we  again  invest  another  S  10,000,  whose  present  worth  (P)  is 

^''  -  (i  +  RT  ~  UW  ~  ^^^  '- 

So  at  the  end  of  twenty  years  we  must  invest  another  $10,000, 
whose  present  worth  is 

„  10,000        ^ 

The  total  cost  of  this  service  for  thirty  years,  with  the  wooden 
bridges  is 

10,000  +  5585  +31*19  =  818,704. 

The  same  service  may  be  rendered  with  a  steel  bridge  for 
$18,000,  showing  that  the  latter  is  the  best  by  $704.  Of  course, 
to  these  costs  must  be  added,  that  of  maintenance,  loss  to  trafhc 
during  reconstruction,  and  such  other  considerations  as  the 
physical  nature  of  the  specific  problem  may  demand.  Taking 
these  into  consideration  in  the  above  case,  it  would  throw  the 
decision  very  decidedly  in  favor  of  the  steel  bridge. 

44,  Depreciation  Vestance. — The  depreciation  vestance  is 
the  total  of  the  present  worths  of  the  investment  and  reinvest- 
ments.    We  can  determine  this  as  follows: 

Let 

C  =  the  first  cost, 

n  =  the  life  in  years, 
and 

R  =  the  interest  rate. 

To  begin  with,  we  invest  (C)  dollars.  At  the  end  of  (n) 
years,  we  must  invest  another  (C)  dollars,  whose  present  worth  is 

p  =^- 

(i  +  Rr 
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Again  at  the  end  of  (2«)  years,  we  must  invest  another  (C) 
dollars,  whose  present  worth  is 

C 


Pin    = 


(i  +  RY' 


and  so  again  at  the  end  of  (3W)  years,  we  must  invest  another 
(C)  dollars,  whose  present  worth  is 

P  ^ 


(i  +  R)"^' 


and  so  on.     In  general,  at  the  end  of  (mn)  years,  we  must,  for 
the  mth  time,  invest  (C)  dollars,  with  a  present  worth  of 

■'■    mn. 


(i  +  RT"' 
Summing  all  these  up  gives 

C  C  C  C 


(i+i?)"    (i+i^)2«    {i+Rf'"     {i+Ry 

or 


v,^c 


I  4-  -, +  -, + + 


{l^-RY    (i+i?)2"     (i+i^)3"-  •  •  '  (i+i^)' 

Let  (5)  equal  the  sum  of  the  series  in  the  brackets.     Then 


(i  +  RY      (i  +  RY""  '     '  (i  +  R)""'' 

Reducing  to  a  common  denominator,  gives 

(i+7?)""+fi+ig)^"-^'"+(i+ig)^'""^'".  ■  ■ +(i+J?)^"+(i+^)''+i 

(i  +  Rr" 

Now  multiply  through  by  (1  +  R)"  and  we  get 


(a) 


And  subtracting  equation  (a)  from  equation  (b)  gives 
(i  +  RYS  -S  =  ^^+^^    „, 1, 
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or 

5[(l    +   R)'    -     l]    =    "+f|j;)„  ', 

and 

(l  +  R)^n+vn  _    J 


(i  +  Ry^'iii  +  Rr  -  l] 

Now  dividing  through  by  (i  +  R)"""  gives 

^^_  (i  +  J^r"  _^^  ^     (i  +  R) 


(i  +  Ry  -  I  (i  +  i?)"  -  I 

When  (mn),  the  length  of  the  service  becomes  infinite,  then 

(i  +  RY""'  also  becomes  infinite  and  -, r— -—  becomes  zero. 

(i  +  R) 

So,  for  the  complete  summation  {m  =  co )  of  the  above  series, 
we  get 

5  ^    (i  +  Rr 


(i  +  Rr  - 1' 

And  since 

Va  =  CS, 
we  have 

„  C(l     +    i?)"  /  N 

(l   +   R)n  -    I 

But  we  had  that  —-. ^-^r^^^ —  is  the  term  factor  (T),  so  that 

(i  +  ^) 

V,=^ (ii) 

Example  20.  A  concrete  building  has  a  first  cost  of  $100,000 
and  a  life  of  50  years.  If  the  interest  rate  is  5%,  what  is  the 
depreciation  vestance? 

Solution:  In  this  case 

C  =  $100,000, 

R  =  5%, 
and 

w  =  50  years, 
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SO  that  by  Table  2 

T  =  0.91279, 

and  the  depreciation  vestance  is 

„        100,000       ^  . 

0.91279 

If  the  interest  rate  were  only  3%,  then  the  term  factor  would 
be,  by  Table  2,  only  0.77189  and  the  depreciation  vestance 
would  be 

T.  100,000  g. 

^    d     =     — — ^     =     $129,540. 
0.77189 

Example  21.  A  wooden  building  to  take  the  place  of  the 
concrete  building  of  problem  (20).  would  cost  $70,000  and  have 
a  hfe  of  20  years.  With  interest  at  5%,  which  will  be  the  best 
investment? 

Solution:  Here 

C  =  $70,000, 

n  =  20  years, 

R  =  5%, 

T  =  0.62312, 


so  that 
and 


,,         70,000        >^ 

Vd  =  ^ =  $112,340. 

0.62312 


This  would  make  a  difference  of 

112,340  -  109,550  =  $2790, 

in  favor  of  the  concrete  building,  even  excluding  the  higher 
maintenance  cost  of  the  cheaper  structure. 

If  the  interest  rate  were  3%,  then  the  term  factor  (T)  would 
be  0.44632  and  the  depreciation  vestance  will  be 

T/,  =    T^  =  $156,838. 

0.44632 
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In  this  case  the  difference  will  be 

156,838  -  129.540  =  $27,298. 

Example  22.  A  permanent  concrete  viaduct  costs  $5000. 
What  is  its  depreciation  vestance? 

Solution.  In  this  case  n  =  00  so  that  the  term  factor  is  unity. 
The  depreciation  vestance  is  then 

Vd  =  - —  =  %S^oo, 

I 

the  same  as  the  first  cost. 

45.  Operating  Vestance. — With  depreciation  vestance,  we 
get  a  method  of  comparing  equipments  having  different  first 
costs  and  different  lives.  We  thus  have  a  method  of  determin- 
ing comparative  values  as  to  fixed  charges  and  those  only. 

The  operating  costs  are  continuous,  and  are  not  limited  to  a 
term  of  years.  By  capitalizing  the  annual  cost  of  operation, 
we  get,  therefore,  the  operating  vestance. 

Letting 

a  =  operating  cost  per  year,  and 

R  =  interest  rate, 
then 

Va=^ (12) 

This  is  on  the  assumption  that  the  operating  cost  is  constant. 
However,  improvement  in  design  is  what  renders  equipments 
obsolete,  and  this  refers  particularly  to  reductions  in  the  cost  of 
operation.  This  reduction  more  than  compensates  for  obsoles- 
cence and  both  the  worth  of  the  improvements  and  the  reduc- 
tion in  cost  of  operation  must  be  taken  into  consideration. 

46.  Total  Vestance. — The  total  vestance  (F)  is  the  present 
cost  of  a  permanent  service  and  evidently  equals  the  sum  of  the 
depreciation  and  operating  vestance,  so  we  have 

V   =    Va+    Va, 

or 

F  =  ^  +  | (13) 
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and 

^  ^  ^(^  "  I) ^'4^ 

Therefore  knowing  the  hfe,  operating  cost,  and  vestance,  we 
can  determine  what  the  cost  should  be.     Also  since 

^  =  V§^a' ('5) 

we  can  determine  the  life  of  the  unit,  knowing  the  first  cost, 
vestance,  and  operating  cost.  In  a  similar  manner,  we  can  solve 
for  any  of  the  other  quantities  in  equation  (13). 

If  we  are  now  performing,  or  can  perform,  a  given  service  with 
an  investment  Cj,  the  life  of  which  is  «i  years,  for  which  the 
operating  cost  is  ai  dollars  per  year,  and  the  interest  rate  is 
R  per  cent,  then  the  vestance  will  be  Vi.  If  it  were  possible  to 
render  this  service  without  any  investment,  how  high  could  we 
allow,  as  a  maximum,  the  operating  cost  to  run? 

Calling  this  latter  operating  cost  ao,  then,  since  there  is  no 
investment,  we  have  C2  =0  ,  and  therefore  its  depreciation 
vestance  is  zero.  The  operating  vestance,  however,  is  a2/R, 
which  in  this  case  is  also  the  total  vestance,  so  that  we  have 

This  must  equal  to  Vi,  and  therefore, 

R~  Ti       R' 
or 

CiR   , 

i  1 

The  allowable  increase  in  operating  cost  is,  therefore, 

CiR 
a2-  a^  =  -TfT-- 
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Example  23.  A  ditching  machine  costs  $8000  and  excavates 
40  cubic  yards  of  earth  per  hour.  It  is  operated  for  3000  hours 
per  year.     The  operating  costs  per  hour  are  as  follows : 

Fuel,  oil,  waste  and  supplies $0. 50 

Engineers  and  helpers i .  50 

Repairs  and  maintenance o .  20 


Total  per  hour $2  .  20 

The  life  of  the  machine  is  assumed  to  be  10  years  and  interest 
is  6%.     Determine  the  cost  at  which  the  work  will  have  to  be 
done  by  hand  to  equal  that  done  by  the  machine. 
Solution :  In  this  case  the  depreciation  vestance  is 

,,  8000  ^   „ 

V  d=   y-  =  $18,115.53. 

0.44 16 1 

The  annual  operating  cost  is, 

a  =  2.22  X  3000  =  S6600. 
The  operating  vestance  is,  therefore, 
j^        6600       ^ 

Va   =    y-   =   0110,000. 

0.00 

and  the  total  vestance  is 

V  =  110,000  +  18,115.53  =  $128,115.53. 
The  annual  cost  is,  therefore, 

128,115.53  X  0.06  =  S7686.93, 
and  the  cost  per  hour  is 

7686.93  -^  3000  =  $2.5623. 

Since  the  ditcher  digs  40  cubic  yards  per  hour,  the  cost  per 

cubic  yard  is 

2.5623  -^  40  =  6.406  cents. 
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The  cost  of  hand  excavation  is,  under  the  most  favorable  cir- 
cumstances, at  least  50  cents  per  cubic  yard.  The  saving  per 
cubic  yard  will,  therefore,  be  about  43  cents.  To  pay  for  the 
entire  cost  of  the  machine  will  require  the  excavation  of 

8000  -^  0.43  =  18,605  cubic  yards. 

At  40  cubic  yards  per  hour,  the  machine  will  have  to  operate 
for 

18,605  -^  40  =  465  hours, 

to  pay  for  itself,  or  for  a  little  less  than  two  months. 

Another  problem  we  may  meet  is  this:  Given  a  certain  equip- 
ment which  has  a  first  cost  Ci,  a  life  ni,  and  an  annual  operating 
costfli,  the  interest  rate  being  R,  to  determine  how  much  more 
we  could  afford  to  pay  for  another  equipment  which  would 
render  the  same  service  and  have  no  operating  cost.  Such  a 
condition  may  be  approximated  in  a  great  many  cases  and  will 
be  actually  attained  in  quite  a  few. 

In  such  a  case  we  have,  for  the  first  equipment. 

Fi  =  ^  -f  ^^ 

and  for  the  second  equipment,  since  the  operating  vestance 
will  be  zero  because  of  no  operating  cost,  the  total  vestance  is 

For  equal  worth,  these  two  vestances  must  be  equal,  so  that 


C2 
T2 

Ci 

a, 
^  R' 

and  therefore, 

C2 

=  To 

Ti       R. 

or 

To 

CoTxR 

Cu 

R  -i-aiTi 
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The  first  of  these  two  equations  permits  us  to  determine  the 
allowable  cost  of  the  new  equipment  if  we  know  what  its  life  is, 
and  therefore  what  its  term  factor  To  will  be;  the  second  equa- 
tion permits  us  to  determine  what  the  term  factor  must  be  if 
we  know  the  cost  C2;  and,  knowing  the  term  factor,  we  can, 
by  reference  to  Table  2,  determine  what  its  life  will  have 
to  be. 

If  the  life  W2  of  the  new  equipment  is  infinite,  or  approximately 
so,  then  T2  =  1,  and  the  allowable  cost  will  be 

^'-  =  f;  +  ^' 

that  is,  the  allowable  cost  of  the  new  equipment  will  be  equal  to 
the  vestance  of  the  old  equipment. 

Example  24.  At  a  busy  and  dangerous  railroad  crossing, 
the  presence  of  a  guard  is  required  to  avoid  collisions,  and  costs 
$1200  per  year.  How  much  could  we  afford  to  pay  for  a  steel 
overhead  crossing  having  a  life  of  20  years,  allowing  for  no 
maintenance  cost?  How  much  for  a  permanent  concrete 
crossing?     Allow  6  per  cent  interest. 

Solution:  In  the  case  of  the  guard,  the  first  cost  Ci  is  zero. 
The  vestance  Fi  is,  therefore, 


,.         1200       ^ 

Vi  =  =  $20,000. 

0.06 


In  the  case  of  the  steel  structure,  we  have 

T2  =  0.68821 
and 

a2  =  o. 
Therefore 

=  $20,000 


O. 05521 

and 

C2  =  20,000  X  0.68821  =  $13,764.20, 

as  the  maximum  allowable  cost  of  the  steel  structure. 
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In  the  case  of  the  concrete  structure,  we  have  To  =  i,  and 
we  could  afford  to  spend  as  much  as 

Co  =  20,000  X  i.o  =  $20,000. 

In  general,  if  we  have  one  equipment  having  an  operating 
cost  ai,  with  interest  equal  to  R,  and  no  first  cost  (Ci  =  o),  and 
it  is  equal  to  a  permanent  {T  =  1)  equipment  having  an  operat- 
ing cost  of  zero  and  a  first  cost  C2,  then  we  have 

and 

V2=—  =Co; 
I 

then,  since  the  worth  of  the  two  are  equal,  we  have 

Fo  =  Vi, 
and,  therefore, 

^'  =  R' 
or 

ai  =  C2R. 

It  is  invariably  true  that  if  the  w^orth  of  any  two  equipments 
are  equal,  their  vestances  are  equal.     Since  we  have,  in  general, 


and,  for  any  other  equipment, 


'       Ti       R' 


V2  =  ^  +  ^- 
'      T2  ^  R' 


then  if  the  two  are  equal,  we  have 

To       R       Ti       R' 


Co 

Ci 

To 

Ti' 

Co 

CiTo 

Co  -  Ci 

Ci 

To  -  Ti 

T:' 

Co-Ci 

Ci(ro 

-ro 
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If    the    two   equipments   have    the    same    operating  cost,    this 
equation  will  reduce  to  the  special  form 


or 

and  also 
so  that 


This  equation  states  that  an  increase  in  the  life  of  a  certain 
equipment  from  »i  years  to  W2  years  will  permit  a  maximum 
increase  in  first  cost  of  (C2  — Ci)  dollars. 

Example  25.  A  certain  equipment  has  a  life  of  20  years  and 
a  cost  of  $5000.  How  much  more  can  we  afford  to  pay  for  this 
same  equipment  if  its  operating  cost  remains  the  same  but  its 
life  is  increased,  (a)  to  30  years,  and  (b)  to  permanence?  The 
interest  rate  is  5%. 

Solution : 

(a)  In  this  case 

Ti  =  0.62312 
and 

T2  =  0.76861. 

Therefore, 

„        ^        1^000(0.76861  —  0.62312) 

Co  —  Ci  =  ^ 2 J 

0.62312 

or 

Co  -  Ci  =  $1167. 

(b)  In  this  case 

T2  =  I. 

Therefore, 

„        ^        5000(1  —  0.62312) 

Co  —  Ci  =  7 — — , 

0.62312 

or 

Co  —  Ci  =  $3011. 
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Example  26.  A  1000  h.p.  Diesel  Engine  plant  costs  $75,cx)0. 
The  life  of  the  engine  is  20  years.  The  interest  rate  is  5%. 
The  cost  of  operation  is  0.4  cent  per  horse  power  hour  (h.p.h.). 
If  the  engine  is  operated  at  full  load  for  3000  hours  per  year, 
what  will  be  the  vestances? 
Solution:  Here 

C  =  S  7  5, 000, 

R  =  5%, 

n  =  20  years, 

T  =  0.62312, 


so  that 
and 


J.  75,000  c.  /: 

Vd  =  -4 =  $120,360. 

0.62312 


The  total  annual  operating  cost  is 

1000  X  0.004  X  3000  =  $12,000, 
so  that  the  operating  vestance  is 

,,        12,000       ^ 

Va   =    =   $240,000. 

0.05 

The  total  vestance  is  therefore 

120.360  +  240,000  =  8360,360. 

Example  27.  If,  in  Example  26,  we  put  in  a  steam  plant,  the 
first  cost  will  be  850,000,  and  the  life  will  be  likewise  20  years. 
while  the  cost  of  operation  will  be  0.7  cent  per  h.p.h.  With  the 
same  interest  rate,  i.e.,  5%,  which  will  be  the  best  investment? 

Solution:  In  this  case 

,.  50.000        ^^ 

Vd  =  -^ =  880,240. 

0.62312 

The  annual  cost  of  operation  is 

1000  X  0.007  X  3000  =  821,000. 
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The  operating  vestance  therefore  is 

, ,  21 ,000  ^ 

Va   = =   $420,000, 

0.05 

giving  a  total  vestance  of 

420,000  +  80,240  =  $500,240. 

The  difference  between  the  total  vestance  of  the  steam  and 
of  the  Diesel  plant  is 

500,240  —  360,360  =  $139,880 

in  favor  of  the  latter. 

Example  28. — If  power  may  be  purchased  at  one  cent  per 
h.p.h.  and  a  motor  costs  $6000  and  has  90%  efhcieney,  with  a 
life  of  30  years,  how  will  the  total  vestance  of  the  motor  com- 
pare with  that  of  the  steam  and  Diesel  plants? 

Solution:  In  this  case 


n  =  30  years, 
C  =  $6000, 

T  =  0.76861, 


so  that 
and 


V.  =  -^  =  $7810. 
0.76861 


The  total  annual  cost  of  operation  is 


1000  X  o.oi  X  3000       >[. 

*33)333 

0.90 


and  the  operating  vestance  is 


Va   =   ^^^^^  ■=   $666,667 
0.05 
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giving  a  total  vcstance  of 

7810  +  666,667  =  $674,477. 

This  gives  a  difference  of 

674,477  -  500,240  =  $174,237 

in  favor  of  the  steam  plant,  and  a  difference  of 

674,477  -  360,360  =  $314,117 

in  favor  of  the  Diesel  plant. 

Example  29.  At  what  price  would  the  electric  pov^er  in 
Example  28  have  to  be  purchased  in  order  that  the  electric 
motor  may  equal  (a)  the  steam  plant  of  Example  22  and 
(b)  the  Diesel  plant  of  Example  26? 

Solution:   Let  p  =^  the  price  of  the  electric  power  per  h.p.h. 
Then  the  annual  cost  of  operation  is 

1000  X  p  X  ^000 

^^ —   =  3,333,333P; 

0.90 

the  operating  vestance  is 

y^  ^  3r333:333P  ^  $e6,666,66'jp 
0.05 

and  the  total  vestance  is 

V  =  $66,666,667^  +  $7810. 

(a)  If  the  total  vestances  of  the  motor  and  steam  plants  are 
equal,  then 

66,666,667/?  +  7810  =  $500,240, 
so  that 

p  =  $0.0074 

or  a  little  over  0.7  of  a  cent. 
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(b)  If  the  total  vestances  of  the  motor  and  Diesel  plants  are 
made  equal  then 

66,666,667/>  +  7810  =  $360,360 
so  that 

p  =  $0.0053 

or  a  little  over  |  cent  per  h.p.h. 

47.  When,  with  a  given  equipment  having  a  life  of  n  years 
and  a  first  cost  of  C  dollars,  a  service  is  to  be  rendered  for  mn 
years,  we  will  have  to  make  (w— i)  replacements  of  the  equip- 
ment, the  last  replacement  not  being  made  because  the  service 
is  to  be  discontinued.  In  that  case,  we  have,  as  the  partial 
depreciation  vestance. 


V      =  C 


I  +  7 — r^^  +  7 — .     ^xo,  + 


(i  +  Rf       (i  +  Rf''       (i+R) 

+  .  .  .  + 


Sn 


(l    +i?)^'"-''_ 

The  sum  5  of  the  series  in  the  brackets  is  equal  to 

(i  +  jg)""  -  I 

{1  +  RY""  - ''"[{1 -h  Ry  -  1] 

and  therefore, 

C[(i  +  RT""  -  i] 


v      — 


(i  +i?)^"-'^1(i  +  RY  -  1] 


This  expression  may  be  very  greatly  simplified  as  follows: 
Divide  both  numerator  and  denominator  by  (i  +  J?)"*".  This 
gives 

C[(i  +  RT""  -  1]        (i  +  RY 


But 


and 


v. 


J-  mn    — 


(I  +  RY'"        [(i  +  Rf  -  i]" 

[d  +  i^r  - 1] 

(i  +  RY'''' 


I      _  (l    +  R)n 

Tn  [(l    +  RT   -    l]" 
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Therefore 

V'..n   =   ^r (l6) 

It  will  be  noted  that,  in  this  equation,  when  m  =  oo  , 

V    r,    =    V 

and  since 

we  find  that,  as  in  Eq.  ii, 
T 

J-  n 

V'mn  thus  gives  the  partial  depreciation  vestance,  that  is, 
the  present  total  capital  outlay  for  the  rendition  of  a  service, 
not  permanently,  but  only  for  a  limited  number,  mn,  of  years. 
To  get  the  total  partial  vestance,  we  must  determine  the  partial 
operating  vestance  V'a. 

In  this  case,  we  have,  for  operation,  an  outlay  of  a  dollars 
per  year,  for  mn  years,  whose  capitalized  value  is  evidently 
a/R,  if  the  interest  rate  is  R.  But  such  a  sum  will  yield 
a  dollars  per  year  forever,  whereas  this  annual  yield  is  required 
for  only  mji  years.  Therefore,  as  was  done  in  section  3 1 ,  we  must 
allow  the  a/R  dollars  for  the  mn  years  only  and  then  remove 
this  sum,  or  we  can  at  once  allow  the  a/R  dollars,  less  the  present 
worth,  P,  of  this  sum  due  in  mn  years  at  R  per  cent  interest  rate. 

The  present  worth  of  this  sum  is 


R  {1  +  RT" 
and  the  partial  operating  vestance  is,  therefore, 


„  ,  _   fl  _  a 

'a     —    ^ 


R      R  {1  +  Ry 
or 


T^    ,      ^     ^  I I  ] 

"       RU       (i+i?)H 
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SO  that 

the  same  as  the  equity  (Eqs.  3  and  4). 
The  total  partial  vestance  is,  therefore, 

^  J-  mn     |_   dJ-  mn 

mn  Tp,  1  f^     ■; 

In  K 

or 


V  mn   —    -*  ;; 


C         a 


=  Fr,„„.   .    .    (17) 


Example  30.  Detemiine  the  total  partial  vestance  for  a 
wooden  bridge  costing  $10,000  and  having  a  life  of  10  years, 
for  a  30-year  period  of  service.  Take  the  interest  rate  at  6%, 
and  the  annual  cost  of  operation  (maintenance  and  repair) 
as  $240. 

Solution :  (a)  The  partial  depreciation  vestance. 
In  this  case 

C  =  $10,000, 
R  =  0.06, 


n  —  10, 
m  =  3, 

Tmn    =    ^30    =    0.82588, 

Tn  =  Tio  =  0.44161. 

T//  ^0.82588 

V  mn    =    10,000    X    ^, 

O.44161 

V'mn    =    $18,704. 

(b)  The  partial  operating  vestance. 
In  this  case 

a  =  $240, 


and 
then 
and 
Therefore, 

or 
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SO  that 

,.  ,  _  240  X  0.82588 


0.06 
or 

Va   =  $3303.52. 
(c)  The  total  partial  vestance  is,  therefore, 

r„„=  18,804  +  3303-52 

or 

V„,n=    822,007.52 

48.  We  have  now  led  up  to  this  problem :  A  service  is  to  be 
rendered,  but  the  amount  of  this  service  will  at  first  be  com- 
paratively small,  increasing,  in  a  certain  number  of  years,  to  a 
larger  and  comparatively  fixed  amount.  The  question  will 
arise,  under  such  conditions,  whether  we  should  first  put  in  a 
small  equipment  and  later  replace  it  with  a  larger  one,  or  whether 
we  should  at  once  put  in  the  larger  equipment. 

Thus,  for  example,  a  single-track  bridge  might  serve  a  rail- 
road for  its  first  10  years,  after  which  it  would  be  inadequate 
for  the  required  service,  and  a  double-track  bridge  would  be 
required.  Should  the  single-track  bridge  be  first  installed  and 
later  replaced  by  the  double-track  bridge,  or  should  the  double- 
track  bridge  be  at  once  installed? 

The  solution  of  such  problems  is  as  follows :  Let  the  life  of  the 
first  or  smaller  equipment  be  «i,  its  first  cost  Ci,  and  its  operat- 
ing cost  a\;  and  assume  that  the  service  is  to  be  rendered  for 
mn  years.  Also,  let  the  life  of  the  second  or  larger  equipment 
be  «2,  years,  its  first  cost  C2,  and  its  operating  cost  a-i.  Then 
we  have,  for  the  partial  vestance  of  the  first  equipment, 

and  for  the  partial  vestance  of  the  second  equipment, 
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If  we  take  these  two  for  the  same  term  of  years,  then 

W2«2  =  miiti, 
and  therefore 

An  equipment  which  will  not  be  installed  for  m\n\  years  has  a 
present  vestance  equal  to  the  difference  between  the  total 
vestance  and  the  partial  vestance,  or 

Y"  =  y  -V' 

which,  for  the  second  equipment,  will  be 

V"2    =    V2-    F2r^,n„ 

or 

V"2    =    Voil    -    Tm,n) (l8) 

If,  then,  we  use  the  smaller  equipment  for  the  first  JtiiUi  years, 
and  then  replace  it  with  the  larger  equipment,  the  vestance  for 
this  combination  will  be 

Fi2  =  V'l  +  V'o, 
so  that 

Vv2  =  ViTr^^n,  +  ^2(1  -  r„,0, 
or 

F12  =  F2  -  (F2  -  Fi)r.,„, (19) 

If  the  larger  equipment  is  used  from  the  start,  it  will  operate 
for  the  first  mini  years  with  an  operating  cost  of  03,  due  to  its 
fractional  load,  and  thereafter  with  an  operating  cost  of  a-z- 
The  partial  vestance  for  the  first  m)i  years  will  then  be 

where 

F3  =  -^^  +  ^ 


FUTURE   SERVICE  65 

and  the  vestance  for  the  remaining  time  will  be 
The  total  vestance  for  the  second  equipment  is  then 

F23    =    V'2   +    V"2, 

or 

V23    ^    V2-    T„.n,{V2    -    Vs)  (20) 

Whether  the  first  method,  that  of  using  first  the  smaller 
equipment  and  then  the  larger,  or  the  second  method,  that  of 
using  the  larger  equipment  for  the  entire  service,  is  the  better, 
is  determined  by  the  difference  between  the  vestances  F12  and 
F23.  If  Fi2  is  less  than  F23,  then  evidently  the  first  method  is 
the  better;  while  if  F23  is  less  than  F12,  then  the  second  method 
is  the  better.     The  difference  equals 

F12-F23  =  [F2  -  (F2  -  Fi)r^.„j  -  [F2  -  (F2  -  F3)r„^„.] 

or 

F12-F23    =    T^,n,[{V2    -    F3)    -    (F2    -    Fl)] 

and 

F12-F23  =  r^,„.(Fi  -  F3) (21) 

Example  31.  For  a  certain  crossing  a  single-track  bridge 
may  be  used  for  the  first  20  years,  after  which  a  double-track 
bridge  will  be  necessary.  If  a  single-track  wooden  bridge 
is  first  installed,  having  a  life  of  10  years,  and  an  operating  cost 
of  $240  per  year,  its  first  cost  will  be  $20,000.  If  a  permanent 
double-track  concrete  bridge  is  installed  at  once,  having  an 
operating  cost  of  $180  per  year,  its  first  cost  will  be  $40,000. 
The  interest  rate  is  6%.  Determine  which  of  the  two  should 
be  installed. 
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Solution:  In  this  case: 

Cx  =  $20,000. 
wi  =  10  years, 
Wi«i  =  20  years, 
ax  =  $240. 
Tn,  =  0.44161, 
r^,„,  =  0.82588, 


and 

Therefore 
and 
so  that 


or 

Since  also 

and 

we  get  that 

and 

or 


j^         20,000    .    240 
0.44101       0.00 

Vx  =  $49,288.83. 

C2  =  $40,000, 

M2    =    00  , 

a2  =  $180, 

T2=    1, 


,^        40,000    I     180 

K3  =  — -t-  — -, 

I  0.00 


V3  =  $43,000. 


It  is  evident  at  once  that  since  V3  is  less  than  Vx,  the  per- 
manent structure  will  be  the  better  investment,  the  saving  by 
its  use  being 

Vx2  -  F23  =  0.82588  X  (49,288.83  -  43,000), 
or 

Vx2   —    F23    =   $4366.94. 
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We  have  assumed  in  the  above  problem  that  the  change  of 
equipment  will  take  place  at  the  end  of  one  of  the  life  periods 
of  the  initial  equipment  installed.  This  is  the  logical  thing  to 
do,  but  it  may  not  be  possible  in  every  case.  For  instance,  in 
the  above  example,  the  change  may  be  demanded  at  the  end  of 
15  years.  In  such  an  event  we  have  no  alternative  but  to  scrap 
the  initial  equipment  when  it  has  but  partially  depreciated.  If 
such  a  condition  is  anticipated,  it  may  be  allowed  for  as 
follows : 

As  far  as  rep'acements  are  concerned,  we  shall  still  have  to 
make  as  many  as  before,  although  the  length  of  the  service  is  now 
less  than  mn  years,  being  only 

[im  —  i)n  -\-  fn] 

years,  where  /  is  less  than  unity.     Therefore,  the  partial  depre- 
ciation vestance  will  remain  as  before,  that  is,  equal  to 

'      L  '    i  -i  mi  ni- 

But  the  cost  of  operation  will  cease  the  moment  the  service 
ceases.     The  operating  vestance  will  therefore  equal 

T/'     —   ^1     T 

and  the  total  vestance  will  equal 

V"    =    VlTmini    +   ^T(^m,-  1  +/)n^ (22) 

K 

where  [(nti  —  i)  +_/]«  is  the  length  of  the  service. 

Example  32.  In  the  foregoing  example,  the  single-track 
bridge  will  serve  for  only  15  years.  Determine  the  vestance 
and  compare  this  investment  with  that  of  the  permanent 
bridge. 
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Solution:  In  this  case,  the  depreciation  vestance  of  the  wooden 
bridge  is  as  before,  so  that 

Va  =  -^°^^^  X  0.82588  =  $37,402.14. 
O.44161 

Also 

a        240       >. 

-  =  — ^  =  $4000, 

A         0.00 

and 

^l("»  -   1  +/)]»    =    ^15    =   0-58275. 

Therefore, 

Va    =    4000    X   0.58275    =    $2331, 

and  the  total  partial  vestance  is 

Fi  =  37,402.14  +  2331  =  $39,733.14. 
For  the  permanent  bridge,  we  have 

V2  =  43,000  X  0.58275  =  $25,058.25. 
The  difference  in  worth  of  the  two  equipments  is,  therefore, 
39,733-14  -  25,058.25  =  $14,674.89. 

Some  of  the  operating  expenses,  such  as  major  replacements 
or  major  repairs,  occur  only  occasionally,  sometimes  only  once 
in  a  period  of  several  years.  Thus,  for  example,  the  cylinder 
of  an  engine  may  need  reboring  or  replacement  only  once  every 
3  to  6  years.  Manifestly  it  would  be  improper  to  charge  the 
entire  cost  of  such  a  repair  item  to  the  particular  year  in  which 
it  was  necessary  to  make  the  repair,  for  the  part  was  worn 
out  progressively  during  the  entire  time  of  service,  and,  normally, 
the  wear  is  uniform  throughout  this  period. 

We  may  consider  that  each  item  has  an  operating  life  within 
which  it  wears  out.  These  items  may  be  parts  of  a  machine, 
or  an  entire  machine  or  unit.     The  problem  here  is  to  determine 
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how  much  should  be  charged  annually  for  items  that  experience 
teaches  us  will  wear  out  only  once  every  m  years,  and  cost  E 
dollars,  the  interest  rate  being  R. 

In  such  a  case,  we  must  lay  aside,  and  charge  to  operation, 
a'  dollars  per  year,  this  number  of  dollars  being  such  that  at  the 
end  of  m  years  the  total  of  these  sums,  together  with  accrued 
interest,  will  amount  to  E  dollars.  Evidently  from  this  defi- 
nition, E  is  the  equity,  and  we  therefore  have  at  once 


E  =  ^-^^ 
R 


and  therefore  the  amount  of  money  that  must  be  laid  aside 
annually  and  charged  to  operation  is 

a'  =  ^ (23) 

■L  m 


Example  2)2>-  In  a  belt-driven  generating  plant,  the  belt 
costs  $250  and  wears  out  once  every  5  years.  Interest  rate  is 
5%.  How  much  should  be  charged  annually  to  operation  for 
the  replacement  of  this  belt? 

Solution:  In  this  case 


E  =  $250, 
R  =  0.05, 

Tm   =   O.  21649. 

250  X  0.05 


and 
Therefore, 


a  = 


or 


0.21649    ' 

a  =  $57 •74- 


49.  The  total  operating  expenses  may  thus  be  divided  into 
two  parts,  namely  those  (a)  which  occur  within  the  year,  and 
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those  {a')  which  occur  periodically  in  periods  greater  than  one 
year.     The  vestance  for  the  latter  is 


and  since 

,      ER 

J-  m 

we  get 

V     -   ^^ 

E 

But  an  equipment  will  have  a  number  of  different  items, 
having  costs  of  replacement,  Ex,  £2,  £3,  •  •  ■  ,  which  will  require 
replacement  in  m\,  W2,  W3,  .  .  .  years,  respectively.  The  total 
vestance  for  all  these  items  will  evidently  be 

^E^Ex^E^E^ 

rt~y  rj^  '         rT-\  '         rr\  i         •     •     - 

The  total  vestance  for  the  equipment  will  therefore  be 

F  =  f  +  S^  +  | (24) 

Whenever  the  equipment  is  so  generally  worn  out  that  it 
pays  to  replace  it  entirely  with  a  new  one,  then  the  depreciation 
vestance  C/Tn  will  be  zero,  since  the  equipment  is  replaced 
because  of  wear  before  it  has  depreciated  from  obsolescence 
or  similar  causes.     In  this  case  the  vestance  will  equal 

v  =  ^  +  -^  +  % (25) 

J.  n'  J-  m  -t*- 

where  n'  is  the  operating  life. 

Example  34.  The  first  cost  of  an  engine  is  $5000;  its  cylinder 
costs  $600,  and  its  piston  $80.  The  natural  life  of  the  engine 
is  20  years,  and  its  operating  life  is  15  years  when  operated  for 
3000  hours  per  year.     The  operating  life  under  these  conditions 
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for  the  piston  3  years  and  tor  the  cylinder  5  years.  Other 
operating  costs  are  $4000  per  year.  Interest  rate  is  5%.  Deter- 
mine the  vestance  and  the  total  annual  cost  of  the  service. 

Solution:  In  this  case,  we  have 


4000 


and 


R 

0.05 

;tt)80,000, 

£1 
T 

600 

0 

600 
. 21649 

=  $2771.50, 

E2 

80 

80 

$587.54, 

T 

0. 

I36I6 

C   -     5000     ^  ^^^^^^^^_ 


Tra'  0.51897 

The  total  vestance  is,  therefore, 

V  =  80,000  +  2771.50  +  587.54  +  9634.46, 
or 

F  =  $92,993.50, 

and  the  total  annual  cost  of  the  service  is 

92,993.50  X  0.05  =  $4649.675. 

The  operating  life  of  a  certain  equipment  is  not  equal  to  a  cer- 
tain number  of  years.  Rather,  is  it  equal  to  a  certain  number  of 
hours  of  use.  If  the  equipment  is  used  for  N  hours  per  year, 
its  operating  life  will  be 

m  =  —  years       (26) 

where  iVo  is  the  total  number  of  hours  of  service  that  may  be 
obtained  from  the  equipment.  Thus,  if  the  engine  in  the  above 
example  were  used  6000  hours  per  year,  the  operating  life  of  each 
of  the  items  would  be  reduced  to  half,  while  if  the  hours  of 
operation  per  year  were  only  1000  hours,  the  life  of  the  cylinder 
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and  piston  would  be  trebled ;  but  the  engine  itself  would  have 
to  be  replaced  at  the  end  of  20  years  because  of  depreciation, 
though  its  operating  life  would  still  be  equal  to  an  additional 
25  years. 

It  is  absolute  waste  to  purchase  an  equipment  having,  for  the 
given  conditions  of  service  that  is  rendered,  an  operating  life 
greater  than  its  natural  life,  for  such  practice  necessitates  the 
scrapping  of  an  equipment  while  it  is  still  in  good  operating 
condition.  The  depreciation  charge  should  be  entirely  elimi- 
nated for  best  economy. 

50.  Annual  Operating  Cost. — If  we  call 

L  =  the  load  in  h.p., 

a  =  the  operating  cost  per  h.p.h., 

N  =  the  hours  of  operation  per  year. 


and 


then,  if  (L)  and  {a)  are  constant,  the  total  operating  cost  per 
year  (^4)  is 

A  =  LaN (27) 

But  if  the  load  and  operating  cost  vary,  the  annual  cost  of 
operation  will  be 

XS700 
LadN (28) 

the  upper  limit  (8760)  being  the  total  number  of  hours  in  the 
year  and  therefore  the  maximum  number  of  hours  per  year 
that  any  unit  may  operate. 

In  general,  we  can  express  the  load  in  the  form 

L  =  hi-\-  hiN  +  b-.N'^  +   .  .  . 

The  operating  cost  varies  as  the  load  and  length  of  service.  For 
any  given  load  conditions,  we  may  therefore  express  the  operating 
cost  per  hour  also  as  a  function  of  the  time,  N,  and  thus  get 

a  =  Co  +  ciN  +  C2N^  +    .  .  . 
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The  total  operating  cost  per  hour  will  then  be  the  product  of 
these  two  equations,  or 

La  =  B^  +  B,N  +  BoN""  +    .  .  .  , 

and  therefore  the  annual  operating  cost  will  equal 


I 


8760  r  ^Y2  J\^Z 


A  =  LadN  = 


BoN  +  5i  —  +  ^3  —  + 
2  3 


(29) 


Example  35.  For  a  certain  power  plant,  we  find  that  the  load 
variation  with  the  hours  of  operation  may  be  expressed  by  the 
following  approximate  equation 

L  —  7000  +  0.2.Y  —  0.000  i.V^^ 

while   the  operating  cost  per  h.p.h.   varies  with   the  load   in 
accordance  with  the  following  equation 

a  —  o.ooS  —  0.0000004L. 

What  will  be  the  total  annual  operating  cost? 

Solution:  Substituting  in  the  equation  for  (a),  the  value  of 
(L)  in  terms  of  (N)  we  get 

a  =  0.008  —  0.0000004  (^7000  +  0.2X  —  0.000 1 r\^^) 
or 

a  =  0.0052  —  0.00000008.Y  +  o.oooooooooo4.V^ 
whence 

La  =  (7000  +  0.2.Y  —  o. 0001  A'-)   (0.0052  —  o.oooooooSiV 

+  o.oooooooooo4iV2), 
or 

La  =  (36.40  +  o.oo48iV'  —  0.00000024.Y2  _|_  o.ooocooooooi6A^ 

—  o.oooooooooooooo4iY'*). 
Substituting  this  in  Eq.  (28), 

X8760 
La  dN 
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wc  get  in  this  case  that 

A  =  [36.40A"  +  o.ooo24iV-  —  0.00000008053^^ 

+  o.  000000000004  A^  +  o.oooooooooooooooA^](j 
or 

A  =  318,864  +  18,417.26  -  54,134-69  +  23,544.94   -  41,268.26 

so  that 

A  =  $265,433.25  Ans. 

51.  In  any  actual  problem  in  practice,  the  load  assumed  is 
that  which  is  actually  carried,  according  to  the  records,  or  that 
which,  in  the  light  of  previous  experience,  may  be  anticipated. 
The  curve  for  the  variation  of  the  operating  cost  with  the  load 
is  obtained  either  from  previous  experience  or  from  the  factory 
guarantee. 

In  the  examples  given,  it  appears  that  the  operating  vestance 
far  exceeds  the  depreciation  vestance.  Particularly  is  this  true 
of  equipments  with  low  first  cost.  We  can  materially  reduce  the 
total  vestance  in  many  systems,  and  therefore  the  production 
cost,  by  putting  in  equipment  with  higher  efficiency  and  by 
allowing  a  first  cost  greater  than  that  to  which  are  accustomed. 
However,  as  we  shall  see,  conditions  are  sometimes  just  the 
opposite,  i.e.,  in  cases  we  sometimes  allow  far  too  much  for  first 
cost.  » 

52.  So  far  in  vestance  we  have  taken  into  consideration  only 
interest  and  depreciation.  There  are,  however,  the  two  other 
factors  of  fLxed  charges,  namely  taxes  and  insurance.  These 
factors  run  continuously,  i.e.,  they  are  not  limited  to  the  life 
of  the  equipment.  Their  vestance  may,  therefore,  be  found  by 
simply  capitalizing  the  amount  of  tax  and  insurance. 


Letting 


/  =  the  amount  of  insurance  per  year, 
X  =  the  amount  of  taxes  per  year, 
R  =  the  interest  rate, 
Vi  =  the  insurance  vestance, 
Vx  =  the  tax  vestance. 
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Then 
and 

The  total  vestance  is  then 

V  =    Va  ^   V.  -\-  Vt  +  Va 

or 

y  _C      X      I       A  _C       (X-^I  +  A) 
T       R      R       R       T  R 

Example  36.  Determine  the  total  vestance  of  a  wooden 
building  under  the  following  conditions:  First  cost  S  10,000. 
life  20  years,  interest  rate  7%,  taxes  0.8%,  insurance  1%  and 
maintenance  and  repairs  Si 20  per  year. 

Solution:  The  term  factor  under  these  conditions  is  0.74158, 
so  that 

-rr  10.000  ^ 


and 


Vd   = 

0.74158 

013.200 

y 

X  = 

10,000  X 

0 

.008  = 

80, 

I  = 

10,000  X 

0 

.01     = 

100, 

A  = 

Total 

= 

120 

S3OO 

F.^.. 

300 
0.07 

= 

S4286. 

The  total  vestance  is  then 

V  =  13,200  +  42S6  =  $17,486. 

Taxes  affect  all  items  of  equal  value  alike,  but  the  insurance 
varies  with  the  hazard.  An  isolated  concrete  structure, 
having  within  it  only  incombustible  material,  need  carry  no 
insurance.     But  a  wooden  building  in  a  district  with  a  great 
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fire  hazard  must  bear  a  heavy  insurance  rate,  due  to  the  hazard 
of  itself  and  its  surroundings,  reducing  greatly  its  comparative 
value. 

In  a  power  plant,  we  almost  invariably  have  fireproof  equip- 
ment, such  as  engines,  boilers,  feed-water  heaters,  and  pumps, 
housed  in  a  building  w^hich  may  not  itself  be  fireproof.  If  the 
structure  burns  down,  this  equipment  will  be  destroyed.  In- 
surance must  therefore  be  carried  on  this  machinery.  Should 
the  cost  of  insurance  of  this  equipment  be  charged  against  the 
equipment  or  against  the  building?  Again,  we  may  have  pat- 
terns stored  in  a  building  which  is  itself  quite  fireproof.  The 
patterns  are  highly  combustible.  If  they  burn  the  fire  will 
usually  destroy  the  building. 

In  any  such  case  the  combustible  items  should  be  charged 
with  the  insurance  on  all  that  will  be  destroyed  with  the  burning 
of  these  combustible  items.  In  the  case  of  the  power  plant, 
the  insurance  on  the  machinery  housed  should  be  charged 
against  the  building,  while  in  the  case  of  the  pattern  storage 
cited  above,  the  insurance  on  the  building  should  be  charged 
against  the  patterns  stored.  But  that  part  of  the  insurance 
which  is  collected  because  of  conflagration  hazard  should  be 
charged  against  the  location,  i.e.,  the  lot  itself,  because  this 
cost  is  entirely  due  to  its  location. 

This  much  is  definite.  But  how  should  the  insurance  cost  be 
apportioned  where  both  the  building  and  the  things  stored  are 
combustible?  This  does  not  lead  to  a  definite  solution.  The 
charge  should  be  apportioned  to  the  hazard  caused  by  the 
structure  and  the  items  housed  and  this,  for  want  of  sufficient 
data,  remains  a  matter  of  judgment  based  on  such  experience 
as  we  now  have. 

PROBLEMS 

1.  How  much  will  $i  amount  to  in  500  years  at  4%  compound  interest? 

2.  What  is  the  present  worth  of  $5000  due  in  20  years?     Interest  rate  5%. 

3.  In  how  mtiny  years  will  $1000  quadruple  itself  at  8%  interest? 

4.  A  building  is  sold  on  the  following  terms:  The  seUing  price  of  the 
building  is  $4000  and  is  to  bear  interest  at  the  rate  of  7%  on  all  unpaid 
amounts.     The  purchaser  is  to  pay  at  the  rate  of  $50  per  month.     From 
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this  amount  interest  is  paid  and  all  above  interest  is  to  apply  towards  a 
reduction  of  capital  due. 

(a)  Inhowmany  years  will  the  purchaser  complete  payment?  (b)  How 
much  money  will  the  purchaser  have  paid  the  seller  when  payment  is  com- 
pleted? (c)  If  the  building  depreciates  at  the  rate  of  7%  per  year,  how 
much  is  the  building  worth  when  payment  is  completed? 

5.  A  10  h.p.  induction  motor  of  87%  efficiency  cost  $157.  How  much 
could  we  afford  to  pay  for  a  motor  of  88.5%  efficiency  if  the  power  costs 
2  cents  per  h.p.h.  and  the  motor  is  to  be  run  at  full  load  for  3000  hours 
per  year?     Assume  the  life  of  the  motor  as  :?5  years  and  interest  at  7%. 

6.  A  1000  h.p.  Diesel  engine  is  guaranteed  to  operate  on  0.40*  of  fuel 
oil  per  h.p.h.  The  engine  operates  at  full  load  4000  hours  per  year.  The 
cost  of  the  engine  is  $52,000.  Interest  is  5%.  Fuel  costs  $1.60  per  barrel 
of  320;^  and  the  Hfe  of  the  engine  is  20  years.  The  engine  actually  uses  0.43)^ 
of  fuel  oil  per  h.p.h.  How  much  should  be  deducted  from  the  purchase 
price  to  compensate  the  purchaser  for  this  loss  in  economy? 

7.  A  150  h.p.  220  volt  motor  costs  $1170  and  is  guaranteed  at  91% 
efficiency.  The  motor  has  a  life  of  25  years  and  is  to  be  used  for  2500 
hours  per  year.  Interest  rate  is  6%  and  power  costs  i  cent  per  h.p.h. 
If  instead  we  purchased  at  the  same  price  and  other  conditions  a  440  volt 
motor  with  only  90%  efficiency,  how  much  will  we  lose  thereby? 

8.  A  storage  battery  costs  $75  per  kw.h.  of  capacity.  Its  life  is  assumed 
at  3  years,  its  efficiency  at  65%,  other  operating  costs  zero.  Interest  rate 
6%.  What  is  the  total  vestance  of  the  storage  batter}^  per  kw.h.,  if  it  is 
used  at  full  load  for  2000  hours  per  year,  and  electric  power  costs  i  cent  per 
kw.h.? 

9.  A  permanent  concrete  viaduct  costs  $60,000.  With  interest  at  7%, 
determine  the  total  vestance  of  this  structure.  What  w-ould  be  the  vestance 
if  the  interest  rate  was  4%? 

10.  Calculate  the  depreciation  rate  of  an  engine  whose  life  is  21  years 
with  interest  at  6.5%. 

11.  Calculate  the  depreciation  rate  of  a  stack  whose  life  is  42  years  with 
interest  rate  at  4.5%. 

12.  An  electric  motor  costs  $300  and  has  a  life  of  30  years.  Determine 
its  worth  at  the  end  of  o,  5,  10,  15,  20,  25,  and  30  years.  Assume  an  interest 
rate  of  6%.     Plot  the  curve. 

13.  A  Diesel  engine  cost  $75,000  and  has  a  life  of  15  years.  Determine 
its  worth  at  the  end  of  o,  3,  6,  9,  12,  and  15  years.  Assume  5%  interest 
rate.     Plot  the  curve. 

14.  Which  would  be  the  best  investment,  a  wooden  building  whose  life 
is  10  years  or  a  steel-brick  building,  costing  twice  as  much,  and  having  a 
life  of  40  years?     Assume  interest  5%,  and  operating  costs  zero. 

15.  In  problem  (14)  what  would  have  to  be  the  life  of  the  wooden  build- 
ing in  order  to  equal  the  steel-brick  building  in  worth? 
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16.  A  steam  plant  has  a  first  cost  of  $70,000  and  a  guaranteed  life  of 
25  years.  The  cost  of  attendance  is  0.4  cent  per  h.p.h.,  maintenance 
0.1  cent,  and  repair  o.i  cent  per  h.p.h.  With  interest  rate  6%,  what  will 
be  the  vestances  of  this  plant  if  it  is  used  for  4000  hours  per  year  at  full 
load?     The  plant  is  of  1000  h.p.  size. 

17.  To  operate  a  certain  pump  at  full  load  for  1500  hours  per  year  we 
can  use  a  10  h.p.  gas  engine  costing  $500  and  having  a  life  of  20  years. 
The  operating  cost  for  this  engine  is  one  cent  per  h.p.h.  An  electric 
motor  to  take  the  place  of  this  engine  will  cost  only  $150  and  have  a 
guaranteed  life  of  30  years,  and  an  efficiency  of  88%.  The  power  company 
offers  power  at  2  cents  per  h.p.h.  Will  the  gas  engine  or  motor  be  the 
best  investment  under  these  conditions,  assuming  other  operating  costs  as 
zero?     What  will  be  the  difference  in  worth?     The  interest  rate  is  7%. 

18.  If  the  electric  power  is  offered  at  one  cent  per  h.p.h.  in  problem  (17), 
then  which  will  be  the  best  investment?  What  then  will  be  their 
differences  in  worth? 

19.  In  problem  (17),  how  much  could  you  pay  the  power  company  so 
that  the  comparative  value  (vestance)  of  the  two  propositions  will  be 
equal? 

20.  In  problem  (17),  if  the  pump  was  to  be  operated  only  1000  hours 
per  year  which  will  be  the  best  investment? 

21.  In  problem  (17),  if  the  pump  was  to  be  operated  only  3000  hours  per 
year,  which  of  the  two  plants  will  be  the  best  investment? 

22.  In  problem  (17),  for  how  many  hours  of  operation  will  the  com- 
parative value  of  the  two  plants  be  equal? 

23.  For  a  certain  plant,  the  load  in  h.p.  varies  according  to  the  following 
equation: 

L  =  12,000  —  o.3iV, 

and  the  operating  cost  per  h.p.h.  varies  according  to  the  equation 
a  =  0.007  ~  o.oooooo5iV. 

What  will  be  the  total  annual  cost  of  operation? 

24.  For  a  certain  plant  the  load  in  h.p.  varies  according  to  the  equation 

L  =  500  +  o.2iV, 
and  the  operat'ng  cost  per  h.p.h.  varies  according  to  the  equation 
a  =  0.004  ~  o.oooooo2iV. 

What  will  be  the  total  annual  cost  of  operation? 

25.  A  structure  costs  $60,000  and  has  15  years  life.  Interest  rate  is 
4%,  insurance  1%,  taxes  0.7%,  cost  of  maintenance  and  repair  1.2%. 
Determine  the  total  vestance  of  this  structure. 
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26.  In  problem  (25)  how  much  could  we  afford  to  pay  for  a  permanent 
fireproof  structure  whose  cost  of  maintenance  and  repair  is  0.5%? 

27.  A  new  building  is  offered  for  sale  at  $3500  on  the  terms  of  $500  cash 
and  a  monthly  payment  of  $35.  All  deferred  payments  are  to  bear  interest 
at  7%.  The  taxes  are  $37  per  year  and  insurance  is  $18  per  year.  The 
life  of  the  building  is  taken  at  20  years;  repairs  and  maintenance  $25  per 
year.  Determine  whether  it  will  be  better  to  purchase  the  building  or  to 
rent  it  for  $25  per  month.     How  much  will  the  difference  amount  to? 

28.  It  costs  40  cents  per  cubic  yard  to  mix  concrete  by  hand,  and  by 
machine  mixer,  oil-engine  driven,  it  costs  6  cents.  A  mixer  of  200  cu.  yds. 
daily  capacity  has  a  first  cost  of  $2000,  an  annual  cost  of  repairs  and  main- 
tenance of  $100,  a  cost  for  fuel,  oil  and  other  supplies  of  $2.50  per  day,  and 
attendance  cost  of  $4  per  day.  The  operating  Ufe  of  the  machine  is  15,000 
hours;  the  use  is  2000  hours  per  year;  the  natural  life  18  years,  and  the 
interest  rate  is  6%.  It  costs  $30  each  time  the  machine  is  moved  to  a  new 
job,  which  occurs  on  an  average  of  once  every  25  days  of  8  hours  each. 
Determine  (a)  the  net  saving  per  cubic  yard,  (b)  how  many  days  of  opera- 
tion it  will  take  for  the  machine  to  pay  for  itself,  and  (c)  what  will  be  the 
total  net  saving  produced  by  the  machine  during  its  Ufetime. 

29.  A  I  h.p.  engine  costs  $75,  the  pump  $25,  belt  $7.50,  piping  $17.50. 
The  life  of  each  of  these  items  is  as  follows:  engine  15  years,  belt  3  years, 
and  pipe  25  years.  The  use  is  6co  hours  per  year.  Interest  rate  7%. 
The  engine  develops  a  h.p.h.  on  |  gallon  of  gasoline  costing  25  cents  per 
gallon.  It  uses  |  pint  of  lubricating  oil  in  8  hours,  costing  50  cents  per 
quart.  Repairs  and  maintenance  are  $10  per  year,  attendance  $15  per 
year.  The  belt  efficiency  is  85%,  that  of  the  pump  is  35%,  and  the  head 
lost  in  the  pipe  by  friction  is  10%  of  the  static  head,  which  is  40  ft.  A  man 
pumping  by  hand  develops  -^-q  h.p.  at  the  pump  handle.  Pump  efficiency  is 
40%,  and  the  pump  cost  is  $15.  The  cost  of  the  pipe  is  $8  and  the  friction 
head  is,  as  before,  10%  of  the  static  head.  In  comparison  with  the  engine- 
driven  pumping  plant,  determine  how  much  the  man  earns  per  day  of  8 
hours. 

30.  An  engine  costing  $150  has  an  operating  life  of  4500  hours,  and  a 
natural  Ufe  of  20  years.  An  engine  of  the  same  size  costing  $250  has  an 
operating  life  of  30,000  hours  and  a  natural  life  of  20  years.  Interest  rate 
is  7%.  In  each  case  the  cost  of  fuel,  oil,  attendance,  etc.,  is  10  cents  per 
hour.  The  use  will  be  300  hours  per  year.  Determine  which  of  the  two 
engines  is  best  and  how  great  the  difference  is.  Determine  also  which  is 
best  if  the  use  is  1000  hours  per  year;  3000  hours;  5000  hours;  and  8000 
hours  per  year, 


CHAPTER  III 
BASIC  COSTS  AND  VESTANCES 

53.  As  previously  shown,  the  total  vestance  gives  us  a  basis  of 
comparing  two  or  more  units,  or  two  or  more  systems  that  are 
designed  to  render  a  similar  service,  but  which  differ  from  each 
other  in  one  or  more  of  their  cost  elements,  such  as  first  cost, 
life,  efficiency,  and  attendance.  The  question  that  both  the 
manufacturer  (producer)  and  user  must  face  continually 
is  one  of  economy.  The  user  desires  to  purchase  that  unit 
which  will  give  him  the  desired  service  at  the  least  ultimate  cost. 
The  manufacturer's  problem  leads  to  the  same  end,  namely 
to  produce  a  unit  that  will  represent  the  best  possible  invest- 
ment for  the  purchaser.  But  the  purchaser's  needs  are  variable. 
What  is  best  for  one,  may  be  a  very  poor  invesment  for 
another  purchaser,  whose  requirements  may  be  entirely  different. 
It  is  therefore  necessary  to  produce  various  classes  and  types 
of  apparatus,  to  meet  these  variable  conditions,  so  that  a  best 
investment  for  each  requirement  may  be  offered.  That  is  the 
problem  in  general. 

Specifically  the  producer  may  face  such  a  problem  as  this: 
a  more  efficient  engine  can  be  built,  but  at  a  greater  first  cost. 
If  produced,  will  this  engine  represent  a  better  investment 
than  the  unit  now  being  produced  and  will  it  sell?  Whether 
the  new  engine  will  represent  a  better  investment  for  any 
given  service,  can  be  readily  determined  by  comparing  the  total 
vestances.  If  that  of  the  new  engine  is  the  smaller,  greater 
financial  efficiency  has  been  attained.  Whether  the  engine 
will  sell,  depends  on  whether  it  is  really  a  better  investment 
or  not,  and  by  how  much,  and  whether  we  can  prove  to 
the  user  that  it  is  a  better  investment.     Of  course  if  we  can 
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prove  it  for  ourselves,  we  can  prove  it  to  the  user,  but 
when  it  comes  to  a  guess,  one  man's  guess  is  quite  as  good 
as  another's.  At  all  times  we  must  bear  in  mind  that  we  do 
not  purchase  the  machine,  but  the  service  that  it  will  render. 
Manufacturers  therefore  produce  ser\'ice  in  just  the  same 
sense  that  the  so-called  public  utilities  do. 

54.  The  Time  Element  in  Vestance. — The  total  vestance 
depends  upon  the  amount  of  use  that  is  made  of  the  apparatus. 
This  may  be  shown  as  follows: 

The  total  vestance  is 

F  =  ^  +  ^ 

neglecting  insurance  and  taxes, 
where 

C  =  the  first  cost, 

T  =  the  term  factor, 

R  =  the  interest  rate, 

A  =  the  annual  cost  of  operation. 


and 


The  annual  cost  of  operation  {A)  varies  with  the  number  of 
hours  of  use  per  year  and  the  cost  of  operation  per  hour.     If 

a  =  the  mean  operating  cost  per  hour  of  the  entire  unit  or 

system  and 
N  =  the  number  of  hours  of  use  per  year. 

Then 

A  =  aN 

and  the  total  vestance  becomes 

v-Y  +  T (^°' 
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Dividing  Eq.  (i6)  through  by  (N)  gives  the  vestance  per 
hour  Vh  of  the  service  or 

^'  =  TN  +  i ^^'^ 

By  Eq.  (31)  it  is  evident  that  as  (N),  the  number  of  hours 
of  use  increases,  the  vestance  per  hour  decreases.  The  maxi- 
mum value  that  (N)  can  attain  is  8760,  the  total  number  of 
hours  in  a  year.  For  this  value  of  N,  the  vestance  per  hour 
of  service  is  a  minimum.  When,  on  the  other  hand,  (N) 
decreases,  the  vestance  per  hour  increases,  becoming  infinite 
when  N  =  o. 

/  c 
Evidently  then  as  (N)  becomes  smaller,  and  the  term  (  =— : 

becomes  larger,  the  constant  term   I  —  j   becomes  of  less  and 

less  consequence.  We  can  interpret  this  for  practical  use  by 
saying  that  where  the  unit  is  but  little  used  per  year,  the  first 
cost  is  of  primary  consideration,  and  the  operating  cost  per 
hour  (efficiency  and  energy  cost)  is  of  secondary  importance 
only,  while  for  many  hours  of  operation  per  year  conditions  are 
reversed.  That  is,  when  the  apparatus  is  much  used,  we  can 
afford  to  buy  expensive  equipment  in  order  to  get  low  cost  of 
operation,  but  where  little  used,  cheap  apparatus  of  compara- 
tively low  efficiency  is  the  best. 

55.  The  comparative  value  ii  of  any  two  units  or  systems 
rendering  the  same  service  is  in  inverse  proportion  to  the  ves- 
tances  of  the  two  units.  Therefore  the  comparative  value  W12 
of  I  unit  to  unit  2  is 


Since 


and 


Vo 


V    =^      a2iV  ^  RCo  +  a2T2N 
^       T2        R  RT2        ' 

„        Ci    ,   aiN      RCi  +  aiT^N 
1^1  ==  7;; — r 


Ti         R  RT 
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we  get 

^  TdRC-i^+a^TjN) 
^'"       ToiRCi  +  aiTiN)' 

In  practice,  we  shall  always  find  that  if  the  first  cost  C2  is 
greater  than  Ci,  then  the  operating  cost  a2  will  be  less  than  ai\ 
for  there  would  be  no  object  in  buying  a  more  expensive  unit 
unless  it  gave  better  efficiency  and  correspondingly  lower  operat- 
ing costs.     We  therefore  have 

C2   >Ci 

ao  <  di 

If  we  plot  the  value  of  (RC  +  aTN)  vertically,  with  N  hori- 
zontally, as  in  Fig.  5,  we  will  obtain  a  straight  line  of  which  aT 
is  the  slope  and  RC  the  intercept  on  the  vertical  axis. 

If,  therefore,  the  slope  aiTi  is  greater  than  02^2,  then 
RCi  will  be  less  than  RC2,  and  we  will  have  the  line  for 
{RCi  +  a\TiN)  starting  lower  on  the  diagram  by  the  amount 
R{C2  —  Ci),  then  sloping  upward  more  rapidly  than  the  line 
for  {RC2  +  aoToN),  and  eventually  crossing  it.  The  point 
of  crossing  is  where  the  two  are  equal,  that  is,  where 

RCi  +  airiiVo  =  RCo  +  aoToNo, 
or  where 

No  =    ^<^-  -  ^-^   ■ 
{aiTi  —  aoTo) 

For  less  than  No  hours  of  service,  the  cheaper  equipment  is 
the  best,  while  for  more  than  this  number  of  hours,  the  more 
expensive  equipment  is  best.  The  value  of  Nq  must  necessarily 
be  positive  and  less  than  8760,  the  number  of  hours  in  a  year, 
for  this  length  of  time  is  the  basis  of  all  our  charges. 

56.  Basic  Costs. — Every  science,  in  its  practical  applica- 
tion, is  based  upon  experimental  data.  These  data  are  not 
absolutely  exact  but  usually  are  exact  enough  to  give  good 
working  results.  In  electricity,  for  example,  we  use  in  our  cal- 
culations  the   experimental  values  of   such   constants  as   the 
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coefficients  of  resistance  and  inductance.  The  theory  in  which 
they  are  used  is  absolutely  correct;  but  these  constants  are  only 
closely  approximate.  In  heat  we  have  such  constants  as  the 
specific  heat  of  the  various  substances,  latent  heats,  and  fuel 
values,  determined  by  experiment.  So  in  financial  engineer- 
ing we  have  for  our  "  experimental  "  data,  the  basic  costs  of  our 
equipment  and  structures,  of  materials  consumed,  such  as  fuel, 
oil,  and  iron,  and  finally  of  our  costs  of  attendance  and  main- 
tenance. We  must  know  how  these  costs  vary  with  differences 
in  size,  class,  and  type  of  the  equipments.  These  data  will  only 
be  closely  approximate.  But  as  their  importance  in  engineering 
is  better  understood,  more  effort  will  be  expended  in  getting 
better  data.  Cost  data  are,  however,  more  uniform  and  accu- 
rate than  other  scientific  data. 

It  seems  peculiar  and  is  indeed  very  unfortunate  that  so 
many  authors  in  their  engineering  books  give  no,  or  very  little, 
consideration  to  costs,  in  spite  of  the  fact  that  the  primary 
duty  of  the  engineer  is  to  consider  costs  in  order  to  attain  real 
economy — to  get  the  most  power,  for  example,  not  from  the 
least  number  of  pounds  of  steam,  but  from  the  least  possible 
number  of  dollars  and  cents:  to  get  the  best  financial  efficiency. 
Two  very  notable  exceptions  to  the  above  are  Fernold  and 
Orrok's  "  Engineering  of  Power  Plants  "  in  which  a  very  great 
deal  of  valuable  engineering  data  is  given,  and  Harding  and 
Willard's  "  Mechanical  Equipment  of  Buildings."' 

57.  Records. — The  object  of  keeping  records  is  to  furnish 
data  for  the  engineering  staff,  from  which  they  may  devise 
means  of  improving  the  economy  of  the  system,  and  of  predict- 
ing the  costs  of  future  operations.  But,  in  many  organizations, 
the  recording  or  so-called  accounting  department  is  made  inde- 
pendent of,  instead  of  subsidiary  to,  the  engineering  division. 
Records  are  of  absolutely  no  value  unless  they  are  studied  and 
employed  in  getting  still  further  improved  economy.  It  is  well 
stated  by  Gebhardt  Mn  "  Steam  Power  Plant  Engineering  "  when 
he  says:  "Few  engineers  realize  the  importance  of  a  detailed 
syystem  of  accounting,  or  the  saving  which  may  be  effected  in 
*  John  Wiley  &  Sons,  Inc. 
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cost  of  operation  by  careful  study  of  the  daily  records  of  perform- 
ance. Many  regard  graphical  load  curves,  meter  readings,  and 
similar  records  as  interesting,  but  of  little  economic  value.  Dur- 
ing the  past  few  years,  the  author  has  made  a  close  study  of  the 
cost  of  power  in  a  large  number  of  central  and  isolated  stations 
in  Chicago,  and  found,  without  exception,  that  the  highest 
economy  was  effected  b\'  the  engineers  who  kept  the  most 
systematic  records;  the  poorest  results  were  obtained  where 
records  were  kept  indifferently  or  not  at  all.  In  some  small 
plants  the  numerous  duties  of  the  engineer  prevented  him  from 
devoting  the  necessary  time,  but  in  the  majority  of  cases  the 
absence  of  records  was  due  entirely  to  a  lack  of  interest.  Power 
plant  records  to  be  of  value  must  be  closely  studied  with  a  view 
to  improvement.  The  mere  accumulation  of  data  to  he  filed 
away  and  never  again  referred  to  is  a  waste  of  time  and  money.''' 
Where,  however,  the  bookkeeping  is  independently  done, 
instead  of  under  the  supervision  of  the  engineers,  it  is  usually 
unavailable  both  as  to  form  and  location. 

58.  In  basic  costs,  we  have  to  consider  the  variation  of  first 
costs  of  different  equipment  with  size,  the  variation  of  the  cost 
of  attendance  and  of  the  economy  in  materials  consumed  with 
load,  as  well  as  the  effect  of  the  interrelation  of  one  part  of  a 
system  with  another  as  to  costs.  Thus,  if  we  do  not  put  in 
condensers  in  a  steam  plant,  we  will  reduce  our  first  cost  by  this 
amount.  But  at  the  same  time,  due  to  the  increased  steam 
consumption  of  the  engines,  the  size  of  the  boilers,  steam  pipe, 
and  the  like,  must  be  increased  usually  by  some  30  or  40%;  the 
increased  cost  of  these  items  may  far  more  than  offset  the  cost  of 
the  condensers.  So  also  in  a  pumping  system,  a  reduction  in  the 
size  of  the  pipe  will  make  it  necessary  to  install  a  larger  motor 
or  engine  to  drive  the  pump,  due  to  increased  friction  head, 
increasing  not  only  the  first  cost  of  this  part  of  the  system 
but  the  operating  cost  as  well.  And  so  for  almost  any  other 
item  of  equipment.  In  thus  attempting  to  "  save  "  money,  care 
must  be  used  so  that  the  cost  of  the  saving  does  not  exceed  the 
amount  saved. 

It  is  well  known  that  there  is  an  enormous  difference  in  the 
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cost  of  apparatus  for  rendering  a  given  service.  A  jet  pump 
will  deliver  water  just  as  a  centrifugal  or  plunger  pump  will; 
and  it  usually  costs  only  2  or  3%  as  much.  Yet  the  difference 
in  economy  more  than  warrants  purchasing  the  more  expen- 
sive type  of  apparatus.  The  cost  of  steam  engines  varies  from 
$7  per  h.p.  for  a  simple,  high-speed  engine  to  $40  per  h.p.  for  a 
a  horizontal  four-valve  engine.  The  question  naturally  arises 
just  how  much  can  be  paid  for  a  given  unit.  It  is  by  no  means 
true  that  the  most  expensive  is  the  best.  The  test  consists  in 
a  comparison  of  the  total  vestance  of  both  equipments  for 
anticipated  load  conditions. 

OfT-hand  the  giving  of  prices  seems  a  rather  hopeless  under- 
taking. There  is  first  the  variation  in  price  of  the  same  article 
of  practically  equal  quality  as  between  various  manufacturers, 
due  to  their  lack  of  knowledge  of  exact  unit  costs;  the  varia- 
tion of  price  as  between  different  localities,  and  the  variation 
of  price  with  speed,  type,  and  class  of  equipment.  Yet,  if  in 
choosing  cost  for  our  curves,  we  confine  ourselves  in  speed, 
type,  and  so  forth,  to  standard  practice,  as  we  have  done  in  the 
following  curves,  the  matter  simplifies  itself  greatly. 

Again  there  is  a  continual  variation  in  price  with  time. 
Besides  short  fluctuations  which  may  be  either  upward  or  down- 
ward, there  is  a  continual  tendency  for  the  price  to  increase  with 
time  as  measured  by  the  weight  of  gold  necessary  to  effect  a 
purchase.  This  is  due  to  the  continual  increase  in  the  gold 
reserve,  due  to  the  fact  that  more  gold  is  annually  produced 
than  is  used  in  the  industries.  The  worth  of  the  gold  must 
therefore  decrease  and  the  price  of  commodities  must  increase. 
Besides  this,  there  are  price  variations  due  to  extraordinary  con- 
ditions as  of  war.  However,  the  worth  of  the  units,  or  their 
comparative  values,  do  not  change  except  where  further  improve- 
ments are  made  or  new  properties  and  uses  are  found  and 
developed.  A  change  of  price  does  not  change  the  size  of  a  one 
h.p.  motor  nor  is  the  food  value  of  a  pound  of  wheat  altered 
though  the  price  doubles. 

The  following  data  are  intended  primarily  as  a  first  approxi- 
mation and  as  illustrative  of  the  method  of  application  of  the 


^  =  ^^  +  7-25, (32) 
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technique  of  financial  engineering  to  concrete  examples.  In  any 
specific  case,  exact  data  may  be  readily  obtained.  The  prices 
given  below  may  be  converted  to  prices  as  of  to-day,  by  dividing 
them  by  the  comparative  value  of  the  dollar. 

59.  Steam    Engines. — The    average    price    of    the    principal 
types  of  steam  engines  is  given  below. 

TABLE  4 

Simple  High  Speed  Engines — Erected 

Average  1906-10  prices 

Non-condensing 

I.h.p 20         30  40  50  75         100        150        200       250 

Price  per  i.h.p. .  .$34.75  $25.60  $21.00  $18.25  $i4-6o  $12.75  $10.90  Sio.oo  $9.40 

The  equation  for  these  values  is  approximately. 

or 

C  =  550 +  7-25^, (33) 

whence 

P  =  the  price  per  i.h.p., 
and 

M  =  the  rated  size,  in  i.h.p., 

C  =  the  price  of  the  engine. 

TABLE  5 

Simple  Corliss  Engines — Erected 

1906-10  prices 

Non-condensing 

I.h.p 100  125           150           175           200  250 

Price  per  i.h.p $21.50  $20.00     $19.00     $18.25     $i7-75  S1700 

I.h.p 300  350              400              450  500 

Price  per  i.h.p $16.50  $16.15         $15-87         $15-67  $15-5^ 

The  equation  for  these  values  is 

P  =  ^^+i4 (34) 

C  =  750  +  14M (35) 
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T.h.p 

Price  per  i.h.p. 

I.h.p 

Price  per  i.h.p. 


TABLE  6 
Compound  Engines — Erected 

1906-10  PRICES 

Condensinsr 


100             200          300          400  500 

$33.00  $25.00  $22.33  $21.00  $20.25 

700          800          900          1000  1500 

$19.43  $19-00  $18.78  $18.60  $18.07 


The  equation  for  these  value::  is 


P  = 


1600 

If" 


+  17. 


C  =  1600  +  17M. 


600 

$19.67 

2000 

$17.80 


(36) 
(37) 


TABLE  7 
Turbo-Gener.\tors 
1906-10  prices 
Direct  connected  a.  c.  60  cycle,  condensing 

Kv.a 500                  7,50  1000 

Price  per  kv.a $21.90  $18.23  $16.40 

Kv.a 3000                5000  <7Soo 

Price  per  kv.a $12.73  $12.00  $11.63 
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Fig.  I. — Showing  the  variation  in  cost  per  i.h.p.  of  steam  engines  and 
turbines  with  size  and  type. 
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The  equation  for  these  values  is 

C  -  55.00  +  10.90M (38) 

^  =  ^■^+10-90 (39) 

60.  Operating  Costs. — The  number  of  pounds  of  dry  sat- 
urated steam  used  per  indicated  horse  power  hour  (i.h.p.h.) 
for  compound  condensing  engines  with  26-inch  vacuum  and 
100-pound  gage  initial  pressure  is  as  given  in  Table  8 : 

TABLE  8 

Steam  Consumption 

compound  condensing  engines 

I.h.p 50        60         70        80        100       125       150       200       250 

Pounds  per  i.h.p $20.2  $19.6  $19.1  $18.7  $18.0  $17.5  $17.3  S16.7  $16.4 

I.h.p 300        400        500        600      700        800        900        1000 

Pounds  per i.h.p....   $16.1     $15.7    $15.4    $15.2    $15.1     $15.0    $14.9    $14.8 

These  values  correspond  to  the  equation 

W^  =  "^+i3-2,        (40) 

vm 

where 

W  =  the  pounds  of  steam  per  i.h.p.h,, 
and 

M  =  the  size  in  i.h.p. 

With  fractional  loads,  the  steam  consumption  is  as  given  in 
the  following  tables.  In  these  tables,  only  the  strokes  of  the 
engines  are  given.  Since  the  allowable  piston  speed  is  well 
known,  the  stroke  determines  the  r.p.m.  The  i.h.p.  for  any  of 
these  engines  may  therefore  be  readily  determined,  for  any 
given  bore,  which  may  be  anything  from  one-half  to  one  times 
the  stroke.  A  stroke  equal  to  i^  times  the  bore  is  most  com- 
monly used  but  good  practice  allows  considerable  deviation. 
Throughout,  all  data  are  givTn  for  well-designed  and  well- 
constructed  machinery  and  not  the  cheap  equipment  that  is 
made  to  sell,  not  to  use. 
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TABLE  g 

Steam  Consumption 
simple  high  speed  engines noncondensing 


Pressurl 

Stroke 

Load 

8o-9C# 

IOO-IIO# 

I20-I30# 

i^o-i5c# 

lo" 

4 
4 

30.0 

29.6 

29 -3 

29.0 

3 

4 

30.6 

29.8 

29.1 

28.5 

f 

340 

32.2 

305 

29.1 

1 
4 

40.0 

38.4 

370 

35  6 

li 

30.8 

30-5 

30.2 

30.0 

12" 

i 

29.6 

29.2 

28.9 

28.6 

3 
4 

30.2 

29.4 

28.  7 

28.1 

1 

33-0 

31-4 

30.0 

28.6 

1 
4 

38.7 

37-^ 

36.0 

34.8 

li 

30-3 

30.0 

29.7 

29  5 

14" 

4 

4 

29.1 

28.7 

28.4 

28.1 

3 
4 

29.7 

28.9 

28.2 

27.6 

.1 

32.0 

30.6 

29 -3 

28.1 

1 
4 

37-5 

36.1 

350 

34  0 

il 

29.8 

29-5 

29.2 

29.0 

16" 

4 
4 

28.5 

28.1 

27.8 

27  S 

3 
4 

29.2 

28.4 

27.7 

27.1 

1 

31.0 

29.8 

28.6 

27  5 

1 

4 

36.2 

350 

74.0 

330 

li 

293 

29.0 

28.7 

28. 5 

18" 

4 
4 

27.9 

27-5 

27.2 

26.9 

3 

4 

28.5 

27.8 

27.1 

26.5 

f 

30.0 

29.0 

28.0 

27.0 

1 
4 

350 

340 

33-0 

32.0 

li 

28.8 

28.5 

28.2 

28.0 
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TABLE   lo 

Steam  Consumption 

high  speed  tam)em  compoukd  engines 


Pressure 

Stroke 

Load 

IOO-IIO# 

I20-I30# 

i40-iso# 

ICX>-IIO# 

I2O-I30# 

I40-I50# 

Cond 

;nsing  26"  vacuum 

Noncondensin 

g 

10-12" 

1 

19-3 

18.5 

17.7 

255 

24.7 

24.0 

3 

4 

20.1 

19  3 

18,6 

28.0 

27.2 

26.4 

i 

22.0 

21 .0 

20.4 

32.6 

31.6 

30.6 

1 
4 

26.5 

26.0 

25-5 

44.0 

430 

42.0 

i| 

20.8 

19  6 

19.0 

27.0 

25-7 

255 

14" 

i 

18.8 

18.0 

17.2 

24.8 

24.0 

23 -3 

3 

4 

19s 

18.7 

18.0 

27.0 

26.2 

255 

f 

21  .2 

20.4 

19.7 

32.0 

31.0 

30,0 

1 
4 

26.0 

25-5 

25.0 

43-6 

42.6 

41 .6 

li 

19.9 

18.8 

18.2 

26.0 

25.0 

24-5 

16" 

4 
4 

18.2 

174 

16.7 

24.0 

23.2 

22.5 

3 

4 

18.9 

18. 1 

17-4 

26.0 

25.2 

24- 5 

2 
4 

20.4 

19.8 

19.0 

315 

30.5 

29 -5 

1 

4 

255 

25.0 

245 

43-3 

42.3 

41-3 

li 

19. I 

18.3 

175 

25.0 

24.2 

23 -5 

18' 

1- 

17-5 

16.7 

16.0 

23.0 

22.2 

21-5 

3 
4 

18.2 

17-4 

16.7 

25.0 

24.2 

23 -5 

2 

4 

19s 

19.2 

18.3 

31.0 

30.0 

29.0 

1 

4 

25.0 

24-5 

24.0 

43  0 

42.0 

41 .0 

i| 

18.3 

175 

16.8 

24.0 

23 -4 

22.5 
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TABLE   II 

Steam  Consumption 
simple  noncondensing  four  valve  engines 


Stroke 

LOAD 

Pressure 

ioo-5# 
26.0 

iio-S# 

I20-5# 

i30-5# 

I40-S# 

iSo-S# 

i6o-s# 

1 8" 

1 

25-7 

25-4 

25.2 

24.9 

24.7 

245 

3 
1 

27.0 

26.3 

25.6 

25.0 

24 -3 

23.8 

233 

f 

29.7 

28.5 

27-5 

26.5 

25-5 

24.7 

239 

1 
4 

35-5 

34  5 

33.6 

32.7 

317 

31.0 

30  3 

li 

27.1 

26.8 

26.5 

26.2 

26.0 

25-7 

25s 

2l" 

1 

25.8 

25 -5 

25.2 

25,0 

24.7 

24s 

243 

3 

4 

26.8 

26.1 

254 

24.8 

24.1 

23.6 

231 

1 

29s 

28.3 

27-3 

26.3 

253 

245 

23 -7 

1 
4 

350 

340 

33  I 

32.2 

31,2 

30.5 

29.8 

l| 

26.9 

26.6 

26,3 

26.0 

25.8 

25-5 

253 

24" 

i 

25.6 

25-3 

25.0 

24.8 

24-S 

243 

24.1 

3 
4 

26.6 

259 

25.2 

24.6 

239 

234 

22.9 

f 

29 -3 

28,1 

27.1 

26.1 

25    I 

24-3 

23-S 

1 
4 

34-5 

33  5 

32.6 

317 

30-7 

30.0 

293 

li 

26.7 

26.4 

26. 1 

25.8 

25.6 

253 

25-1 

27" 

1 

254 

25.1 

24.8 

24.6 

243 

24.1 

239 

3 
4 

26.4 

25-7 

25.0 

24.4 

23-7 

23.2 

22.7 

2 
4 

29.1 

27.9 

26.9 

259 

24.9 

24.1 

233 

1 
4 

340 

330 

32.1 

31.2 

30.2 

29  5 

28.8 

i| 

26.5 

26.2 

25  9 

25.6 

25-4 

25-1 

24.9 

30" 

4 

4 

25.2 

24.9 

24.6 

24.4 

24.1 

239 

23 -7 

3 
4 

26.  2 

25-5 

24.8 

24.2 

23 -5 

23.0 

22.5 

1 

28.9 

27.7 

26.7 

25-7 

24.7 

239 

23.1 

1 
4 

33-5 

32.5 

31.6 

30.7 

29.7 

29.0 

28.3 

li 

26.3 

26.0 

25-7 

25-4 

25.2 

24.9 

24.7 

36" 

4 
4 

25.0 

24.7 

24.4 

24.2 

239 

23 -7 

23 -5 

3 
4 

26.0 

253 

24.6 

24.0 

23 -3 

22.8 

22.3 

2 

28.7 

275 

26.5 

25-5 

245 

23 -7 

22.9 

1 
4 

330 

32.0 

311 

30.2 

29.  2 

28.5 

27.8 

li 

26.1 

25.8 

25-5 

25.2 

25.0 

24.7 

24s 
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TABLE   12 
Steam  Consxjmption 

cross  and  tandem  compound  engines 


Load 

Pressure 

Stroke 

IOO-IIO# 

I2O-I30# 

I40-I50# 

IOO-IIO# 

I20-130# 

i40-iso# 

Condensing  26"  vacuum 

Noncondensing 

1 8" 

1 

15.6 

I5I5 

14.8 

24.0 

23.0 

22.0 

3 
i 

16.75 

16.2 

155 

24-75 

22.7 

22.7 

1 

17-5 

17-3 

17.2 

26.0 

24.0 

27.0 

1 
4 

20.5 

20. 1 

19.8 

41-5 

41 .0 

40.5 

ll 

16.2 

15-8 

155 

25.0 

24.0 

22.0 

2l" 

4 

1545 

150 

14.65 

23-S 

22.5 

2I-S 

* 

3 
4 

16.5 

16.0 

154 

24.2 

22.6 

21  .6 

1 

17-5 

174 

173 

26.4 

26.8 

27.1 

1 
4 

22.0 

21 .0 

20.3 

41.2 

41  .0 

40,7 

li 

16. 1 

157 

14.9 

24-5 

23-4 

21.8 

24" 

f 

1535 

14.9 

14-55 

23.0 

22.0 

21  .0 

3 
4 

16.2 

157 

IS-2 

23-9 

22.6 

21.4 

2 

17.6 

17  5 

17-4 

26.8 

27.0 

27.2 

1 
4 

24.0 

22.5 

20.8 

40.9 

40.9 

40.9 

li 

16.0 

15-7 

15-3 

24.0 

23.0 

21.6 

27" 

4 

4 

151 

14-75 

14.4 

22.5 

21-5 

20.5 

3 
4 

16.0 

15-6 

15-1 

23-3 

22.3 

21.3 

1 

17.7 

17.6 

17.6 

27.2 

27-3 

27-3 

1 
4 

26.0 

24.0 

21-5 

40.6 

40.9 

41.1 

li 

15-8 

155 

I5-I 

23-3 

22.3 

21.4 

30" 

4 

150 

14.6 

14-25 

22.0 

21  .0 

20.0 

3 
4 

15-8 

15-4 

14.9 

22.6 

21.8 

21  .1 

f 

17.7 

17,7 

17.6 

27.6 

27.4 

27-4 

1 

4 

28.0 

25,0 

22 .0 

40.3 

40.8 

41-3 

l| 

15-7 

15-3 

I5-0 

22,6 

21.8 

21.2 

36" 

4 

4 

14.6 

14.4 

14.0 

21-5 

20.0 

19.0 

3 
4 

15.6 

152 

14.8 

22.0 

21-5 

21.0 

2 

4 

17.8 

17.8 

17.8 

28.0" 

27-5 

27-5 

1 
4 

30-7 

26.6 

22.6 

40.0 

40.7 

41-5 

li 

155 

152 

14.8 

22.0 

21  .  2 

21 .0 
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TABLE   13 

Steam  CoNstrMPxroN 

HORIZONTAL   SINGLE  CYLINDER   LENTZ   ENGINES 

Referred  to  i.h.p.  at  normal  load  and  dry  saturated  steam 


Stroke 


Pressure 


ioo|         iis#        I2S#  I40#         i5o#         I 


Noncondensing 


14,  15,  16  and  17  X  21".  .  .  . 
18,  19,  20  and  21  X  21".  .  .  . 

24" 

27" 

30" 

33,  36,  42" 


14,  15,  16  and  17  X  21" 
18,  ig  and  21  x  21". . . 

24" 

27" 

30" 

33,  36,  42" 


24.6 

23.6 

22.7 

22.  I 

21.3 

20.8 

20 

3 

24.1 

23    I 

22.2 

21.6 

20.8 

20.3 

19 

8 

23.8 

22.8 

21  .9 

21-3 

20.5 

20.0 

19 

5 

234 

22.4 

21-5 

20.9 

20.  I 

19.6 

19 

I 

23.0 

22.0 

21  .1 

20.5 

19.7 

19.2 

18 

7 

22.6 

21.6 

20.7 

20.  I 

193 

18.8. 

18 

3 

22.  2 

21.2 

20.3 

19.7 

18.9 

18.4 

17 

9 

Condensing 


20 

3 

19 

7 

18 

7 

18.2 

175 

17. 1 

16. 

19 

9 

19 

2 

18 

4 

17.9 

17.2 

16.8 

16. 

19 

7 

18 

9 

18 

I 

17.6 

16.9 

16.5 

16. 

19 

4 

18 

6 

17 

8 

17-3 

16.6 

16.2 

IS- 

19 

I 

18 

2 

17 

5 

17.0 

16.3 

15-9 

IS- 

18 

8 

18 

0 

17 

2 

16.7 

16.0 

15.6 

IS- 

18 

5 

17 

7 

16 

9 

16.4 

157 

153 

14- 

For   50  degrees  superheat   reduce  consumption   8%,  100  D  superheat    12%, 
150  D  17%,  200  D  20%. 

At  fractional  loads,  increase  steam  consumption  as  follows: 

LOAD  I I 

Saturated  steam 5  % 

Superheated  steam 5% 


? 

4 

t 

4 

0% 

4% 

9% 

25% 

0% 

3% 

7% 

18% 
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TABLE   14 

Steam  Consumption 

horizontal  cross  and  tandem  compound  engines 

Referred  to  i.h.p.,  normal  loads  and  dry  saturated  steam 


Pressure 

Stroke 

ioo# 

ii5# 

I25# 

140# 

I50# 

i6o# 

I7S# 

I90# 

200# 

Noncondensing 

18" 

22.  I 

21  .2 

20.6 

19.8 

193 

18.8 

18. I 

17-5 

17.  I 

21" 

21.8 

20.9 

20.3 

19-5 

19.0 

18.5 

17-8 

17.2 

16.8 

24" 

21-5 

20.6 

20.0 

19.2 

18.7 

18.2 

17-5 

16.9 

16.5 

27" 

21.2 

20.3 

19,7 

18.9 

18.4 

17.9 

17.2 

16.6 

16.2 

30" 

20.9 

20.0 

19.4 

18.6 

18. I 

17.6 

16.9 

16.3 

15-9 

33,  36,  42" 

20.6 

19.7 

19. 1 

18.3 

18.8 

17-3 

16.6 

16.0 

15-6 

Condensing 

18" 

16.4 

15.8 

15-35 

14.8 

14-45 

14. I 

13-6 

13.2 

12.9 

21" 

16. 1 

155 

15  05 

14-5 

14-15 

13-8 

13  3 

12.9 

12.6 

24" 

15.8 

15-2 

14 -75 

14.2 

13-85 

13-5 

13-0 

12.6 

12.3 

27" 

iSS 

14.9 

14 -45 

13  9 

13-55 

13.2 

12.7 

12.3 

12.0 

30" 

152 

14.6 

1415 

13.6 

13-25 

12.9 

12.4 

12.0 

II. 7 

33,  36,  42" 

14.9 

143 

13.8s 

133 

12.95 

12.6 

12. 1 

II. 7 

II. 4 

For  50  degrees  superheat  reduce  consumption  8%,  for  100  D  12%,  for  150  D 
17%,  and  for  200  D  20%. 

Increase  steam  consumption  for  fractional  loads  as  follows: 

.       LOAD  I4  t  f-  I  i 

Saturated  Steam 6%  0%  3%  7%  20% 

Superheated  steam 6%  0%  2^%  6%  15% 

61.  The  Steam  Consumption  of  simple  low  speed  condensing 
engines  is  18.5%  greater  than  that  of  compound  condensing 
engines. 

The  Steam  Consumption  of  simple  low  speed  noncondensing 
engines  is  42%  greater  than  that  of  compound  condensing 
engines. 
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So  also  the  Steam  Consumption  of  simple  high  speed  non- 
condensing  engines  is  64%  greater  than  that  of  compound 
condensing  engines. 

The  steam  consumption  of  compound  condensing  engines  cor- 
responds to  the  following  thermal  efficiencies,  based  on  an 
initial  normal  water  temperature  of  52°  F. 

TABLE  15 

Thermal  Efficiencies 

compound  condensing  engines 

I.h.p 50  60         70         80        100       125       150  200  250 

Efficiency,  per  cent. . .  10.8  11.  i  11. 4     11. 6     12.0     12.4     12.6  13.  i  13.3 

I.h.p 300        400        500        600         700        800  900  1000 

Efficiency,  per  cent. . .  13.5  13. g       14.2       14.4       14.5       14.6  14.6  14.7 


This  corresponds  to  the  equation 

16.6^ 

Vm  +  3.8' 


16.6VM  , 

y  =  -^= -,      (4] 


where 

y  =  the  efficiency  in  per  cent, 
and 

M  =the  size  in  i.h.p. 

62.  With  superheated  steam,  the  steam  consumption  is 
decreased.  For  50°  F.  superheat,  the  steam  consumption  is 
reduced  by  4%,  for  100°  superheat  12%,  for  150°  superheat 
17%,  and  for  200°  superheat  20%.  This  corresponds  to 
increases  in  efficiency  of  4%  for  50°  superheat,  8.4%  for  100°, 
12.6%  for  150°,  and  an.  increase  in  efficiency  of  16.6%  for  200° 
superheat,  based  on  the  efficiencies  obtained  for  dry  saturated 
steam.  This  shows  that  the  efficiency  increases  in  direct  pro- 
portion to  the  increase  in  superheat,  according  to  the  equation: 

i  =  0.0835 (42) 

where 

i  =  the  increase  in  efficiency  in  per  cent, 
s  =  the  degrees  superheat. 
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The  variation  of  consumption  of  dry  saturated  steam  with 
variations  of  initial  steam  pressure  is: 

(a)  For  compound  condensing  engines 

W  =  41-6  -  o.o74£, (43) 

where 

W  =  the  pounds  of  steam  used, 
and 

E  =  the  temperature  of  the  steam. 

(b)  For  low  speed  simple  noncondensing  engines 

W  =  57.4  -  o.iE (44) 

The  corresponding  efi&ciencies  are: 

(a)  For  compound  engines 

y  =  o.o67s(E  -  145) (45) 

(b)  For  simple  low  speed  noncondensing  engines  we  have 
approximately 

y  =  0.0466  f£  —  120) (46) 

These  formulae  are  obtained  from  the  data  given  above. 
Although,  like  all  the  above  data,  these  efficiencies  are  based  on 
factory  guarantees,  we  do  not  consider  them  entireh-  satisfac- 
tory. They  are,  however,  sufficiently  accurate  for  ordinary 
practical  use. 

63.  Equipment  is  very  rarely  operated  at  full  load;  nor- 
mally it  is  always  run  at  some  fraction  of  the  full  load.  Far 
more  important  than  full  load  efficiency  are  the  efficiencies  at 
fractional  loads,  for  upon  these,  rather  than  those  at  full  load, 
will  the  economy  of  operation  depend.  We  therefore  give  the 
variation  in  steam  consumption  at  fractional  loads.  These 
are  as  follows: 

(a)  For  compound  condensing  engines  the  pei  cent  increase 
in  steam  consumption  at  various  per  cents  of  full  load  is  as 
follows: 
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TABLE  1 6 

Fraction  of  full  load  (F) 0.25  0.50  0,75  i.oo  1.25 

Per  cent  full  load,  dry  sat.  steam  (Pgat.) 122  108  loi  100  106 

Steam     consumption,     superheated     steam 

(5gup.) 117  106  100  100  105 

The  equations  for  these  values  are 


and 


^^"  "57-6-  53W-  1.79)'      "     ■     •     ^^^^ 


^^"^-  "66.8  -42. 87^(F-  1.78)'        •     •     ^^^^ 


where   (F)   is  the  fraction   (per  cent)   of  full  load.     And   the 
corresponding  per  cents  of  full  efficiency  are 

^'sat.    =    57.6    -    53F(F   -    1.79),  .       .        .        (49) 

and 

3W.  =  66.8  -  42. 8F(F  -  1.78).     .     .     .     (50) 

For  low  speed  simple  engines  the  values  are : 

TABLE  17 

Fraction  of  full  load  (F) 0.25     0.50    0.75     i.oo     1.25 

Per  cent  full  load,  dry  sat.  steam  (Pgat.) 125       109       loi       100       107 

Steam  consumption,  superheated  steam  (f  sup.)- •     117       106       100       100       105 

The  equations  for  these  values: 

^'''-  ^  52  -6oF{F  -  1.8) ^^'^ 

.     (52) 


"^       66.8  -  42.87^(F  -  1.78)*  '     ' 

The  corresponding  per  cents  of  full  load  efficiencies  are: 

A'sat.  =  52  -  6oF(F  -  1.8),        ....     (53) 
and 

%up.  =  66.8  -  42. 8/^(F  -  1.78),   .     .     .     (54) 

the  latter  being  the  same  as  for  compound  engines. 
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64.  The  attendance  cost  of  steam  engines  alone  is  of  com- 
paratively little  value,  as  they  must  always  be  run  as  part  of 
a  system.  Based,  however,  on  the  mean  of  the  most  authori- 
tative data,  this  cost  is  about  as  follows: 


TABLE  i8 

1906-10  PRICES 


Size,  i.h.p. 


30 


40 


50 


60 


75 


Attend.,  cts.  per  i.h.p.  0.47      0.38       0.30     0.275      0.26  0.248     0.235      0.22 

Size,  i.h.p 150         200         300       400         500         600         Soo        1000 

Attend., cts. peri. h. p.  o.  192     0.172     0.152  0.137     0.127  0.12      0.108     o.ioo 

Size,  i.h.p 1500  2000 

Attend.,  cts.  per  i.h.p 0.0885  0.08 
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Fig.  2. — Steam  consumption  and  attendance  costs  of  compound 
condensing  steam  engines. 

This  corresponds  approximately  to  the  equation 


A  -      ^ 


where 


and 


A  =  attendance  cost  in  cents  per  i.h.p.h., 
M  =  the  i.h.p.  size  of  the  engines. 


(55) 
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The  cost  of  such  incidentals  as  oil,  waste,  and  supplies  is 
about  one-fourth  of  one  per  cent  as  great  as  the  attendance  cost. 

65.  From  the  table,  we  find  that  the  first  cost  of  a  lOO  h.p. 
low  speed  compound  steam  engine  is  $3300.  The  efficiency 
with  dry  saturated  steam  at  100^  initial  steam  pressure  is  12%. 
The  cost  of  oil,  attendance,  etc.,  is  about  $0.05  per  hour  for  this 
size  of  engine,  and  the  maintenance  cost  is  about  $0.02  per  hour. 
The  life  of  low  speed  compound  engines  is  25  years. 

If  the  interest  rate  is  5%,  then  by  Table  2,  the  term  factor 
is  0.70469,  so  that  the  depreciation  vestance  is 

V  a=^^   =$4682.90. 
o . 70469 

If  the  coal  used  for  fuel  contains  13,743  B.t.u.  per  pound, 
its  energy  content  in  h.p.h.  is 

2545 

If  this  coal  costs  $2  per  ton,  or  $0,001  per  pound,  then  the 
cost  of  energy  per  h.p.h.  is 

o.ooi  -^  5.4  =  $0.000185. 

If  the  combined  efficiency  of  the  boiler,  furnace,  and  grate 
is  70%,  then  the  cost  per  h.p.h.  of  heat  energy  delivered  to 
the  engine  is 

0.000185  -^  0.7  =  $0.000264. 

To  this  we  must  add  the  other  costs  of  producing  steam 
amounting  to,  let  us  say,  $0.000236,  giving  a  total  cost  of  the 
heat  energy  delivered  to  the  engine  of 

0.000264  +  0.000236  =  $0.0005  per  h.p.h. 

Since  the  efficiency  of  the  engine  is  12%,  the  cost  of  the  heat 
per  i.h.p.  is 

0.0005   -=-  0-I2    =   $0.00417, 
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and  for  loo  h.p.  this  amounts  to 

0.00417  X  100  =  $0,417. 

To  this  must  be  added  the  other  operating  costs  of  $0.07, 
giving  a  total  of 

0.417  +  0.07  =  $0,487  per  hr. 

For  a  year  of  3000  hours,  this  amounts  to 

0.487  X  3000  =  $1461, 
giving  an  operating  vestance  at  5%  interest,  of 

1461  -^  0.05  =  $29,220. 

Since  the  depreciation  vestance  is  $4682,  the  total  vestance 
is 

Vt  =  4682  +  29,220  =  $33,902, 

or  $339.02  per  i.h.p. 

Note  that  the  operating  vestance  is  over  six  times  as  great 
as  the  depreciation  vestance.  In  other  words  the  first  cost  is 
of  relatively  small  importance  as  compared  with  the  costs  of 
operation,  a  matter  not  always  fully  appreciated. 

66.  As  compared  with  the  above  example,  let  us  determine  the 
total  vestance  of  the  engine  when  the  initial  pressure  of  the 
steam  is  200j^,  other  things  remaining  the  same. 

Since  for  compound  engines,  the  efficiency  is 

y  =  0.0675  (E  -  145), 

and  the  steam  temperature  (E)  at  2oo#  is  388°,  we  find  that 
y  =  0.0675  (388  -  145)  =  16.4% 

instead  of  12%  previously  taken. 
The  heat  energy  will  cost  therefore 
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0.0005  "^  0.164  =  $0.00305  per  h.p.h., 
or 

0.00305  X  100  =  $0,305  per  hr., 

giving  a  total  cost  per  hour  of 

0.305  +  0.07  =  $0,375, 
or 

0.375  X  3000  =  $1125  per  normal  year. 

The  operating  vestance  is  then 

1125  -^  0.05  =  $22,500, 

giving  a  total  vestance  of 

22,500  +  4682  =  $27,182. 

This  shows  a  reduction  of 

33,902  -  27,182  =  $6720, 

or  $67.20  per  h.p. 

If  we  add  to  the  200^  initial  gage  pressure  200°  of  super- 
heat, then  the  efficiency  will  be  increased  by  20%,  amounting 
to 

1.20  X  16.4  =  19.68%. 

The  cost  of  heat  per  hour  will  then  be 

0.0005  X  100       ^ 

^-7^ =  So.  254, 

o. 1968 

and  the  total  cost  per  hour  will  be 

0.254  +  0.07      =  $0,324, 
or 

0.324  X  3000     =-  $972, 

giving  an  operating  vestance  of 

972  -^  0.05  =  $19,440, 
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and  a  total  vestance  of 

4682  +  19,440  =  $24,122. 

This  represents  a  saving  of 

27,182  —  24,122  =  $3060, 

as  compared  with  the  same  unit,  not  using  superheat  but  using 
the  same  pressure,  and 

33,902  —  24,122  =  $9780, 

as  compared  with   the  engine  using   dry   saturated   steam   at 
ioo#  initial  pressure. 

The  per  cent  saving  by  use  of  200#  pressure  as  compared 
with  ioo#  initial  gage  pressure  is 

6720  ^  33-902  =  20%. 

The  saving  in  total  vestance  by  the  use  of  2oo#  pressure 
together  with  200°  superheat  as  compared  with  the  use  of  100^ 
dry  steam  pressure  is 

9780  ^  33,902  =  28.8%. 

Note  the  enormous  saving  especially  with  the  use  of  higher 
pressures.  Modern  practice  tends  towards  continually  higher 
pressures.  That  this  is  good  practice  is  too  clearly  shown 
here  to  need  further  emphasis. 

67.  Let  us  compare  with  this  engine  the  total  vestance  of  a 
1000  h.p.  compound  engine,  the  life,  rate  of  interest  and  cost 
of  coal  being  assumed  the  same  as  that  for  the  100  h.p.  engine. 

For  the  1000  h.p.  engine  the  first  cost  is  $18.60  per  h.p.  and 
the  depreciation  vestance  is 

18.60  -^  0.70469  =  $26,394  per  i.h.p. 

At  ioo#  initial  gauge  pressure,  and  dry  saturated  steam,  the 
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efficiency  of  the  engine  is    14.7%.     The  heat  cost  per  h.p.h. 
is  therefore 

0.0005  -i-  0.147  "=  $0.0034. 

Allowing  $0.0006  as  the  cost  of  attendance,  maintenance 
etc.,  per  h.p.h.,  the  total  operating  cost  per  h.p.h.  is 

0.0034  +  0.0006  =  $0,004, 
or 

0.004  X  3000      =  $12  per  h.p.  year. 

The  operating  vestance  is  therefore 

12  -^  0.05  =  $240  per  h.p., 

and  the  total  vestance  per  h.p.  year  is 

240  +  26.394  =  $266,394. 

as  compared  with  a  total  vestance  of  339.02  per  h.p.h.  for   the 
100  h.p.  engine.     This  gives  a  difference  of 

339.02  —  266.394  =  $72,626. 

The  per  cent  saving  as  compared  with  that  of  the  100  h.p. 
engine  is 

72.626  ^  339.02  =  21.4%. 

This  is  of  course  not  a  clear  saving  due  to  the  greater  dis- 
tribution area,  and  corresponding  greater  distribution  cost  for 
the  larger  plant.  In  fact  the  vestance  of  this  increased  cost 
of  distribution  may,  if  the  system  is  too  large,  more  than  off- 
set the  decreased  vestance  of  the  engine  itself. 

68,  We  shall  now  determine  the  total  vestance  of  a  100  h.p. 
low  speed  simple  noncondensing  engine  operating  on  dry 
saturated  steam  at  ioo#  initial  gage  pressure,  the  life,  cost 
of  coal,  and  interest  rate  remaining  the  same  as  before. 
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The  first  cost  of  such  an  engine  is  $21.50  per  h.p.  The 
depreciation  vestance  is  therefore 

21.50  -^  0.70469  =  $30.51  per  h.p. 

This  engine  will  use  42%  more  steam  than  a  compound 
condensing  engine.  The  efficiency  of  the  simple  noncon- 
densing  engine  of  100  i.h.p.  is  therefore 

12  ^  1.42  =  8.45%. 

The  cost  of  the  heat  energy  per  h.p.h.  is  therefore 

0.0005  -^  0.0845  =  $0.0059. 

Allowing  as  before  $0.0007  for  the  other  operating  costs,  we 
get  a  total  of 

0.0059  +  0.0007  —  $o-oo66  per  h.p.h., 
or 

0.0066  X  3000     =  $19.80  per  h.p.  year. 

The  operating  vestance  is  therefore 

19.80  ^  0.05  =  $396, 

and  the  total  vestance  is 

396  +  30.51  =  $426.51, 

as  compared  with  339.02  for  the  100  h.p.  condensing  engine. 
The  difference  is 

426.51  -  339-02  =  $87.49, 
or 

8749  ^  339-02  =  26.8%. 

69.  For  a  100  i.h.p.  simple  noncondensing  high  speed  engine 
operating  on  dry  saturated  steam  at  100^  initial  gage  pressure, 
the  first  cost  is  $12.75  per  h.p.  but  the  life  now  is  only  15  years 
instead  of  25  years  for  the  low  speed  engines.  The  depreciation 
vestance  is  therefore 

12.75  ^  0-51897  =  S24.58. 
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Since  the  simple  high  speed  noncondensing  engine  will  use 
64%  more  steam  than  a  compound  condensing  engine  and  the 
efficiency  of  a  100  i.h.p.  engine  of  the  latter  type  is  12%,  the 
efficiency  of  the  high  speed  engine  will  be 

12  H-  1.64  =  7.3%. 

The  cost  of  the  heat  energy  per  h.p.h.  is  therefore 

0.0005  "^  0-073  =  $0.00685. 

Adding  thereto  the  other  operating  cost  per  h.p.h.  we  get  for 
the  total  operating  cost  per  h.p.h. 


0.00685  +  0.0007  =  $o-oo755> 


or 


0.00755  X  3000     =  $22.65  PC'"  h.p.  year. 
The  operating  vestance  is  therefore 

22.65  ^  0-05  =  $453, 

and  the  total  vestance  is 

453.00  +  24.58  =  $477-58, 

as  compared  again  with  339.02  for  the  compound  engine.     This 
gives  a  difference  of 

477-58  -  339-02  =  $138.56, 


or 


138-56  ^  339-02  =  41%. 


70.  In  order  to  bring  out  the  differences  more  clearly,  we  tabu- 
late the  vestances  of  the  three  classes  of  100  i.h.p.  engines  below. 

TABLE  19 

Vest.\nces 

100  i.h.p.  engines  with  dry  saturated  steam  at  loo*   g.p. 


Engine 

I'd 

Va 

V 

Per  cent  Kg. 

A 
B 
C 

46.  S2 

30.51 
24.58 

292. 20 
396 . 00 
453 ■ 00 

339-02 
426.51 

477-58 

1. 000 
1.268 
I. 410 

6.23 
13.00 
18.40 

THE  STEAM  ENGINE 
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TABLE   20 

Vestances  per  H.p.  of  Compound  Condensing  Low  Speed 
Steam  Engines  at  Full  Load 


Vestances 

Ratio 

Size, 

I.H.P. 

Va 

Vd 

Depreciation  Vd 

Operating  Va 

Total  V 

100 

$46,829 

$292.00 

$338.83 

6.235 

200 

35476 

2  7 1 . 00 

306 . 48 

7-639 

300 

31.688 

262.00 

293.69 

8.268 

400 

29 . 800 

256.00 

285.80 

8.591 

500 

28.736 

251.20 

279.94 

8.735 

600 

27.913 

247.40 

275-51 

8.863 

700 

27.572 

244.10 

271.67 

8.951 

800 

26.962 

242.00 

269.00 

9.012 

900 

26.600 

241 .10 

267.70 

9.064 

1000 

26.394 

240 . 00 

266.39 

9-093 

1500 

25.642 

236.00 

261 .64 

9.203 

2000 

25-259 

234.00 

259.26 

9.264 
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Fig.  3 — Vestances  per  h.p.  of  compound  low  speed  condensing 
steam  engines. 
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TABLE  21 

Vestances  per  H.p.  of  Simple  Low  Speed  Noncondensing 
Steam  Engines 


Vestance  at  Fcll  Load 

Ratio 

Size, 

l.H.P. 

Depreciation  Vd 

Operating  Va 

Total  V 

Vd 

lOO 

$30,510 

$398 . 00 

$428.51 

131 

125 

28.381 

386.00 

414 

38 

13 

7 

150 

26.962 

382.00 

408 

96 

14 

2 

17s 

25.898 

374.00 

399 

90 

14 

4 

200 

25.188 

368 . 00 

393 

19 

14 

6 

250 

24.124 

362.00 

386 

12 

IS 

0 

300 

23415 

358.00 

381 

41 

IS 

3 

35° 

22.gi8 

354  00 

376 

92 

15 

4 

400 

22.521 

350.00 

372 

52 

15 

5 

450 

22.237 

346 . 00 

368 

24 

IS 

6 

500 

21 .996 

342.00 

364 

00 

15 

5 

TABLE  22 

Vestances  per  H.p.  or  Simple  High-speed  Noncondensing 
Steam  Engines 


Vestance  at  Full  Load 

Ratio 

Size, 

I.H.P. 

Va 

Vd 

Depreciation  Vd 

Operating  Va 

Total  V 

20 

$49-313 

$874.00 

$923-31 

17-7 

30 

36.328 

618.00 

654 

33 

17.0 

40 

29 . 800 

550-00 

579 

80 

18.5 

50 

25.898 

503   00 

528 

90 

19.4 

75 

20. 718 

474-00 

494 

72 

22.9 

100 

18.093 

454.00 

472 

09 

25.0 

I  St' 

15.462 

434  -  00 

449 

46 

28.5 

200 

14. 191 

418.00 

432 

19 

29.6 

250 

13-339 

412.00 

425 

34 

314 
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Here  engine  A  =  low  speed  compound  condensing;  B  =  low 
speed  simple  noncondensing;  and  C  =  high  speed  simple  non- 
condensing. 

Note  that  between  engines  A  and  B  we  save  $16.31  in 
depreciation  vestance  at  a  cost  of  $103.80  in  operating  ves- 
tances,  and  between  A  and  C  we  save  $22.24  i^  depreciation 
vestance  at  a  cost  of  $161.00  in  operating  vestance.  Neither 
of  these  represent  very  good  bargains.  Yet  how  often  are  such 
bargains  entered  into! 

71.  We  tabulate  in  tables  20,  21  and  22  the  vestances  of  steam 
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Fig.  4. — Total  vestances  per  h.p.  of  steam  engines. 


engines,  based  on  5%  interest,  S2.50  cost  per  ton  of  coal  of  fuel 
value  as  given  above,  i.e.,  5.4.  h.p.h.  per  pound,  and  25  years'  life 
for  low  speed  engines,  and  15  years  for  high  speed  engines.  The 
effect  of  increased  cost  of  operation  is  to  increase  the  operating 
vestance  by  a  similar  amount.  Thus  if  coal  were  $5  per  ton 
and  other  operating  costs  increased  in  like  proportion,  the 
operating  vestance  would  be  doubled,  amounting  to  some  $400 
increase.  If  on  the  other  hand  the  first  cost  is  doubled,  the 
depreciation  vestance  will  be  doubled,  but  this  will  amount 
only  to  some  $30.     Evidently  then  the  effect  of  increased  prices 
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is  to  make  efficiency  relatively  more  important  and  first  cost, 
though  itself  increased,  of  relatively  less  importance. 

The  effect  of  increased  interest  rate  is  to  decrease  the 
vestances. 

A  comparison  of  these  tables  shows  that  the  total  vestance  de- 
creases with  the  increased  size  of  the  unit.  The  decrease  is  rapid 
for  units  less  than  loo  h.p.,  rather  small  between  lOo  and  500 
h.p.,  and  almost  insignificant  beyond  that.  Again  the  approxi- 
mate mean  vestance  ratio  is  10  for  compound  condensing 
engines,  15  for  simple  low  speed  noncondensing  engines  and 
about  25  for  simple  high  speed  noncondensing  engines.  That 
is,  as  the  first  cost  is  reduced,  the  relative  amount  of  money 
that  must  be  spent  for  operation  is  enormously  increased.  In- 
asmuch as  the  vestance  is  proportional  to  the  total  amount  of 
labor  that  it  takes  to  produce  a  given  ser\dce,  including  not  only 
the  labor  of  operation  but  of  the  construction  of  the  units  and  the 
system,  it  appears  that  in  cheap  layouts,  too  little  effort  has  been 
spent  in  the  design  and  construction  of  the  units  and  system 
and  too  much  must  therefore  be  spent  in  operation.  Less  total 
labor  would  be  required  if  it  were  used  in  the  right  place,  in 
properly  preparing  for  the  rendition  of  the  service  first,  before 
rendering  it.  On  the  other  hand,  too  much  may  be  spent  on 
preparation. 

72.  The  above  tables  w^ere  figured  on  the  basis  of  a  normal 
year  of  3000  hours  of  use.  If  the  number  of  hours  of  use  are 
changed,  then  the  cost  of  operation  is  changed,  since  the  latter 
is  in  direct  proportion  to  the  hours  of  use.  But  the  deprecia- 
tion vestance  remains  constant.     We  have  then,  that 


where 
and 

and 


V   -    Vn  +   Va'N, (56) 

Va   =  the  operating  vestance  per  hour, 

N  =  the  hours  of  use, 
Vd  =  the  depreciation  vestance, 

V  =  the  total  vestance. 
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From  the  above,  it  is  evident  that  the  vestance  per  hour  is 

Vn  =  ^+V/ (57) 

Example  37. — Determine  the  total  vestance  per  hour  of  a 
5CX)  h.p.  compound  condensing  steam  engine  for  a  variable 
number  of  hours  of  use  per  year. 

Solution:  By  Table  20,  we  have 

V     =$28,736, 
and 

Va    =  $251 .  20  for  N  =  3000  hrs. 
Then 

Fa'    =   ?^^'^   =   $0.08373. 
3000 

Therefore  the  total  vestance  per  hour  is 

F.'  =  ?»J-^S  0.08373. 

From  this,  we  tabulate  as  follows: 

N  Vn 

5000  hrs.  $0.08948 

1000  hrs.  0.1 1 247 

100  hrs.  0.371 1 

I  hr.  28.82 

o  hr.  00 

The  total  vestance  of  this  engine  is 

V  =  28.736  +  0.08373  ^• 

Example  38.  Determine  likewise  the  total  vestance  per 
h.p.  for  (a)  a  100  h.p.  compound  condensing  engine,  (b)  for  a 
100  h.p.  simple  low  speed  noncondensing  engine  and  (c)  for 
a  100  h.p.  simple  high  speed  noncondensing  engine. 
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Solution:   (a)  In  this  case,  we  have  by  table  19 
y  „     _  46.829       292.00 

1\  3000 


or 


so  that 


,,  „         46.829 


V"      =  46.829 +  0.09733.Y. 
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Fig.  5. — Variation  of  total  vestance  with  hours  of  use  for  100  h.p. 
steam  engines. 


ih)  In  this  case  we  have  by  Table  20 


F. 


///    _  30-510   I   398.00 

I         —         ^^7  V  

iV  3000 


or 


so  that 


Vn 


,„    ^  30.510 

N 


+  0.13267, 


V"     =  30.510  +  o.  13267^^ 


(^) 
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(c)  In  this  case,  we  have  by  Table  21 

,,  ,,,,       18.093    , 

=  ^^  +  0-15133, 

or 

V""    =  18.093 +0.15133^^ (c) 

Plotting  these  equations  (a),  (b),  and  (c)  gives  straight  lines 
as  shown  in  Fig.  5. 

For  a  certain  number  of  hours  of  use  per  year,  the  total 
vestance  for  the  compound  and  simple  low  speed  engines  are 
equal.     This  occurs  when 

V"  =  V", 
or 

46.829  +  0.09733  .Vi  =  30.510  +  0.13267  A^i, 
whence 

A^*!  =461.1  hrs. 

So  again  the  total  vestance  per  year  (Vsl)  for  the  simple 
slow  speed  engine  is 

VsL    =    30.510    +   0.13267]^, 

and  for  the  simpie  high  speed  engine  it  is 

VsH  =  18.093  +  0.15133-^' 
These  two  become  equal  when 

18.093   +  O.15133  xV2    =   30.510  +  O.I326'jN2, 

that  is  when 

A^2  =  661.5  hrs. 

So  again  the  vestance  of  the  compound  engines  equals  that 
of  the  simple  high  speed  engine  when 

18.093  +  o-i5i33^'^3  =  46.829  +  o.o9733iV3, 
or 

N3  =  532.1  hrs. 
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73.  The  meaning  of  these  three  points  is  clearly  shown  in 
Fig.  5  where  the  total  vestance  per  horse  power  year  has  been 
plotted  against  the  hours  of  use.  The  equations  for  vestance 
in  terms  of  hours  of  use  give  straight  lines  as  shown. 

When  the  hours  of  use  are  less  than  461.1,  then  the  simple 
low  speed  engine,  in  spite  of  its  lower  efficiency,  is  more  econom- 
ical in  use,  i.e.,  has  better  financial  efficiency  than  the  compound 
engine.  When  used  for  more  than  461.  i  hours,  however,  the 
compound  engine  is  best. 

So  also  when  the  hours  of  use  are  less  than  532.1,  the  simple 
high  speed  engine  has  better  financial  efficiency  than  the  com- 
pound engine.  But  this  number  of  hours  is  greater  than  that 
of  the  simple  low  speed  engine.  So  then  for  more  than  532.1 
hours  per  year  use  the  compound  engine;  for  less  than  this 
number  of  hours  use  the  simple  high  speed  engine  and  do  not 
use  the  simple  low^  speed  engine  at  all.  This  is  for  the  reason 
that  for  no  hours  of  use  during  the  year  is  this  engine  best, 
being  always  exceeded,  either  by  the  compound  or  simple  high 
speed  engine. 

74.  For  the  200  i.h.p.  size  of  engines,  we  have  a  total  ves- 
tance for  the  compound  engine  of 

Vc  =  35476  +  0.09033]^,     ....        (a) 

for  the  simple  low  speed  engine  of 

VsL  =  25.188  +  o.i2267iV,    ....       (b) 

and  for  the  simple  high  speed  engine  of 

VsH  =  14-191  +  O.IS733N (c) 

Equating  Eqs.  (a)  and  (b)  gives 

25.188  -f  o.i2267iVi  =  35.476  +  o.o9033A7"i, 
so  that 

Ni  =  318  hrs., 
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and  so  also  equating  Eqs.  (a)  and  (c)  gives 

14.191  +  o.i3733A^2  =  35476  +  o.o9033A/'2 
so  that 

N2  =452  hrs. 

Again  is  the  value  of  the  change  point  greater  for  the  high 
speed  than  for  the  low  speed  engine  with  the  compound  engine. 
Therefore  we  again  find  that  the  simple  low  speed  engine 
possesses  no  period  of  superiority  and  should  therefore  under 
the  conditions  assumed  not  be  used.  For  this  size  and  these 
conditions,  the  compound  engine  should  be  used  if  the  period  of 
use  is  over  452  hours,  and  when  the  period  of  use  is  less  than 
this  number  of  hours,  then  the  simple  high  speed  engine  gives 
the  highest  financial  efficiency. 

75.  So  far  we  have  discussed  only  the  condition  of  an 
engine  operating  at  full  load.  If  instead  the  engine  is  used 
at  a  constant  fractional  load,  the  efficiency  will  be  decreased 
and  thereby  the  cost  of  heat  will  be  increased.  The  other 
operating  costs  such  as  attendance  will  be  changed  to  correspond 
to  the  actual  load  carried.  The  depreciation  vestance  will  change 
in  inverse  proportion  to  the  per  cent  of  full  load  carried.  Thus 
at  half  load  it  will  be  doubled;  at  one  and  one-quarter  load  it 
will  be  four-fifths  as  great,  etc.  This  is  evident  since,  for 
example,  at  half  load  we  have  purchased  two  horse  power  to 
get  one. 

We  give  below  the  vestances  for  each  of  the  three  types  of 
engines  at  1.25,  0.75,  0.50  and  0.25  of  full  load,  the  per  cents 
of  full  load  efficiency  at  fractional  loads  being  assumed  the 
same  as  for  simple  low  speed  engines  for  want  of  authentic  data. 
The  vestances  are  per  actual  horse  power  developed  and  not 
per  rated  horse  power.  A  normal  year  of  3000  hours  is  again 
assumed. 

76.  It  will  be  noticed  that  especially  in  the  simple  low  speed 
noncondensing  engines  the  total  vestance  per  h.p.  at  three- 
quarters  load  is  but  little  greater  than  at  full  load.  The  total 
vestance    at   half  and  at    one    and  one-quarter  loads  is  not 
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very  great  as  compared  with  that  at  full  load,  while  that 
at  one-fourth  load  is  comparatively  very  great.  The  latter 
is  evidently  then  a  very  uneconomical  load  at  which  to 
operate. 

TABLE  23 

Vestances  per  H.p  of  Low  Speed  Compound  Condensing 

Steam  Engines  at  Fractional  Loads 

dry  saturated  steam  at  ioo#  g.p. 


Rated 

Total 

Vestance  at  Lc 

ADS    OF 

125% 

100% 

75% 

50% 

25% 

100 

$345 ■ 5 

$338.8 

$361.4 

$411.6 

$544  -  3 

200 

3^3 

4 

306.5 

321.3 

361.0 

469 

9 

300 

301 

4 

293 -7 

308.3 

345-4 

444 

8 

400 

291 

8 

285.8 

298.3 

334-2 

424 

0 

500 

284 

9 

280.0 

291.8 

326.4 

415 

6 

600 

280 

3 

275-5 

286.6 

321.8 

407 

6 

700 

278 

2 

271.7 

283.0 

318.5 

403 

7 

800 

276 

6 

269.0 

281. 1 

315-4 

400 

0 

900 

275 

0 

267.7 

279.0 

313-1 

397 

6 

1000 

274 

0 

266.6 

277.6 

311-4 

395 

6 

1500 

270 

5 

261 .6 

273.2 

306.0 

387 

2 

2000 
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Fig.  6. — Vestances  per  h.p.  of  low  speed  compound  condensing 
steam  engines. 
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TABLE  24 

Vestances  per  H.p.  of  Simple  Low  Speed  Noncondensing 
Steam  Engines  at  Fractional  Loads 

DRY  saturated  STEAM  AT  IOO# 


Rated 

Total 

Vestances  at  Loads  of 

H.P. 

125% 

100% 

75% 

50% 

25% 

100 

$442 . 2 

$429.5 

$442.6 

$496.4 

$6og . 0 

125 

433  I 

416 

2 

431 

9 

478.2 

590.6 

150 

424.4 

406 

4 

422 

0 

466.4 

574.0 

175 

417. 1 

39« 

9 

412 

9 

456.8 

562.6 

200 

410.  2 

393 

6 

405 

9 

448.4 

554.8 

250 

401.9 

386 

I 

395 

8 

440.0 

543  0 

300 

396 -3 

379 

4 

390 

I 

434-2 

531-6 

350 

390-7 

374 

7 

384 

2 

427.8 

524.6 

400 

384.8 

369 

9 

379 

6 

421 .6 

517-0 

450 

380.6 

364 

6 

375 

7 

416.4 

510.4 

500 

375-6 

360 

6 

370 

9 

412.0 

505.4 

TABLE  25 

Vestances  per  H.p.  of  Simple  High  Speed  Noncondensing 
Steam  Engines  at  Fractional  Loads 

dry  saturated  steam  at  100  g.p. 


R/\TED 

Vestances  at  Loads 

OF 

H.P. 

125% 

100% 

75% 

50% 

25  /O 

20 

$742.3 

$701.3 

$725-6 

$806 . 6 

$1005 . 2 

30 

647 

0 

618 

3 

638 

5 

706.6 

867.2 

40 

587 

8 

561 

8 

579 

8 

639 .6 

780.2 

50 

555 

7 

529 

9 

544 

5 

602.8 

731-6 

75 

518 

5 

494 

7 

506 

8 

558.0 

673-6 

100 

499 

I 

474 

I 

485 

2 

532.4 

637-4 

150 

474 

8 

449 

8 

460 

2 

504-0 

602.4 

200 

457 

4 

432 

8 

442 

3 

487.4 

574-8 

250 

448.4 

425-9 

434 

I 

474-4 

560.2 
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Since  the  above  tables  are  based  on  3000  hours  of  operation, 
we  can  again  get  the  variation  of  total  vestance  with  the  num- 
ber of  hours  of  operation  per  year,  and  thus  determine  the 
change  point  between  two  different  types  of  engines  at  frac- 
tional loads. 

Example  39. — Determine  the  change  point  between  a  100 
h.p.  compound  engine  running  at  full  load  and  a  200  h.p. 
compound  engine  running  at  half  load. 


$1000 


900 


a  800 


S700 
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400 

0     25     50     75    100    125    150    175    200    225    250 

II.  P. 

Fig.  7. — Vestances  per  h.p.  of  simple  high  speed  noncondensing 
engines  at  fractional  loads. 

Solution:    The  depreciation  vestance  of  a  loo  h.p.  engine  at 
full  load  is  $46.80,  and  the  operating  vestance  is  $292  per  year  or 

292  ^  3000  =  $0.09733  per  hr. 

The  total  vestance  (F)  is  then 

V  =  46.80  +  o.09733iV. 

For  the  200  h.p.  compound  engine  operating  at  half    load 
the  depreciation  vestance  is 
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and  the  operating  vestance  is  the  difference  between  the  total 
and  depreciation  vestances  or 

361  —  71  =  $290  per  yr., 
or 

290  -^  3000  =  $0.09667  per  hr. 

The  total  vestance  is  then 

F200  =  71  +  o.ogGGjN, 

The  change  point  is  obtained  by  equating 

Fioo  and  F200 
or 

46.80  +  o.o9733iVi  =  71  +  o.o9667iVi, 
or 

Ni  =  36,120  hrs. 

Since  there  are  only  8760  hours  in  a  year,  the  change  point 
does  not  come  within  the  year.  At  all  times  then  the  100  h.p. 
engine  is  the  most  economical  to  use  at  100%  load,  the  decreased 
operating  vestance  of  the  200  h.p.  engine  being  insufficient  to 
offset  the  increased  depreciation  vestance  over  that  of  the 
smaller  engine. 

Example  40.  —  Determine  the  change  point  of  a  250  h.p. 
simple  high  speed  engine  running  at  full  load,  and  a  200  h.p. 
engine  of  the  same  type  running  at  25%  overload. 

Solution:  In  this  case  we  have  for  the  250  h.p.  engine 

Vn'  =  $13.30, 
and 

Va    =  412.60  per  yr., 
or 

412.6  ^  3000  =  $0.13753  per  hr., 

so  that 

Vt'  =  13-30  +  o.i3753i\r. 
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So  also  for  the  200  h.p.  engine  at  125%  load 

Vd"  =  14.2  -i-  1.25  =  $11.40, 
and 

Va"  =  4574  -  II-4  =  S446  per  yr., 
or 

446  -r-  3000  =  $0.14867  per  hr., 
so  that 

Vt"  =  11.4  +  o.i4867iV. 

Equating  V/  and  V/'  gives 

11.4  +  0.14867.V1  =  13.3  +  o.i3753iVi, 
so  that 

A^^i  =  170  hrs. 

This  shows  that  if  an  overload  of  25%  is  to  be  carried  less 
than  170  hours  per  year,  it  can  be  done  more  economically 
with  the  use  of  the  200  h.p.  engine  at  25%  overload  than  by 
using  a  250  h.p.  engine  at  full  load. 

77.  Boilers. — With  present  engineering  development,  there 
is  no  apparatus  more  used  than  the  steam  boiler.  Under  such 
conditions,  it  would  be  only  natural  to  assume  that  the  worth 
of  the  investment  for  such  equipment  would  have  been  thor- 
oughly investigated.  However,  quite  the  opposite  is  the  case. 
It  is  true  that  an  enormous  number  of  boiler  tests  have  been 
made.  But  the  results  of  these  tests  are  so  erratic  that 
practically  no  confidence  can  be  placed  in  them  as  far  as  the 
deduction  of  any  general  law  of  variation  of  efficiency  with 
size  is  concerned.  Measurements  in  heat  are  extremely  diffi- 
cult, in  fact  so  much  so  that  the  difficulty  can  hardly  be  exag- 
gerated. The  same  discrepancy  appears  in  tests  at  fractional 
loads. 

Amongst  the  great  mass  of  tests  made,  a  few  stand  out  as 
worthy  of  our  entire  confidence,  though  they  are  unfortunately 
too  few  to  yield  conclusive  evidence.  The  most  noteworthy 
of  these  is  the  test  of  the  boilers  of  the  Detroit  Edison  Com- 
pany, made  by  a  corps  of  experts  under  D.  S.  Jacobus,  the  results 
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of  which  are  published  in  Vol.  33  of  the  American  Society  of 
Mechanical  Engineers.  The  boilers  had  23.650  sq.  ft.  of  heat- 
ing surface  each.  They  showed  79.3%  efficiency  at  rated  load 
and  80.5%  at  70%  of  rated  load.  With  increase  of  load,  there 
was  a  steady  fall  in  efficiency  as  far  as  the  tests  were  con- 
ducted. 

Tests  were  also  made  of  the  same  t}^e  of  boiler  (Stirling)  of 
6400  sq.  ft.  of  heating  surface,  by  J.  A.  Hunter.  They  showed 
■  78%  efficiency  at  rated  load,  79.8%  efficiency  at  70%  of  rated 
load  and  66%  efficiency  at  200%  of  rated  load.  These  tests 
are  well  in  consonance  with  the  Jacobus  tests.  They  are 
reported  in  full  in  Vol.31  of  the  American  Society  of  Mechanical 
Engineers.     Further  data  of  unusual  value  on  boilers  are  given 
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Fig.  8. — Variation  in  boiler  efficiency,  with  size. 


by  A.  D.  Pratt  in  a  paper  that  he  presented  before  the  Inter- 
national Engineering  Congress  at  San  Francisco,  California,  in 

1915- 

Taken  as  a  whole,  most  manufacturers  of  boilers  sell  heating 
surface  rather  than  boiler  service.  The  results  obtained  from 
boilers  depends  in  a  very  large  measure  on  how  the  boiler  is 
installed,  the  nature  of  the  fuel  used,  and  the  methods  of  han- 
dling them.  Good  results  can  only  be  obtained  where  the 
entire  boiler  installation  is  made  in  accordance  with  the  direc- 
tion of  boiler  experts. 

78.  In  the  table  below  we  give  the  factory  prices  of  one  make 
of  boilers.     These  are  at  times  somewhat  erratic,  although  they 
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are  as  a  whole  fairly  well  in  proportion.  To  bring  this  out 
clearly  we  have  added  the  last  column  of  adjusted  prices.  Some 
of  the  difference  between  the  factory  and  the  adjusted  prices 
is  no  doubt  due  to  error  in  the  cost  calculations  at  the  factory, 
but  the  greater  part  is  due  to  commercial  exigencies,  such  as  the 
adaptation  of  the  boiler  dimensions  to  the  use  of  stock  sizes  of 
sheets  and  tubes.  The  result  of  this  is  that  the  actual  and 
rated  sizes  of  boilers  are  not  always  the  same.  Allowing  for 
this,  the  agreement  between  the  factory  and  adjusted  prices  is 
excellent. 

TABLE  26 

Stationary  Return  Tubular  Boilers  With  Full  Front  Setting 

1906-10  prices 


Cost  factory, 

Adjusted  cost 

Eo.h.p. 

c-™^ 

total 

Per  bo.h.p 

per  bo.h.p. 

10 

30"  X    7' 

S166.CO 

S16.60 

$17.25 

12 

30"  X    8' 

1 76 . 00 

14.67 

1546 

15 

36"  X    8' 

207.00 

13.80 

13.66 

20 

36"   X  10' 

236.00 

11.80 

>                    11.87 

20 

42"  X    8' 

253.00 

12.65 

25 

36"   X  12' 

253.00 

10. 12  ^ 

10.80 

-5 

42"   X  10' 

292.00 

11.68; 

30 

42"   X  12' 

313.00 

10.43 

>                     10.06 

30 

44"   X  10' 

310.00 

IO.33J 

35 

44"   X  12' 

340.00 

9.72 

9-37 
9 -94  J 

9-57 

40 

44"  X  14' 

375- 00 

9.17 

40 

48"   X  12' 

397  50 

45 

48"  X  14' 

435  00 

9.67 

8.90 

50 

48"  X  16' 

472.00 

9-44 

}                   8.65 

50 

54"  X  12' 

465.00 

9-3°, 

60 

54"   X  14' 

508 . 00 

8.47  1 

8.29 

60 

60"    X  12' 

550  00 

9-I7J 

65 

54"  X  15' 

530.00 

8.18 

8. IS 

70 

54"  X  16' 

555- 00 

7-931 

>                  8.04 

70 

60"  X  14' 

600.00 

8.57J 

75 

60"  X  is' 

622.00 

8.33 

7-94 

80 

60"  X  16' 

650 . 00 

8. IS 

7.84 

85 

66"  X  14' 

720.00 

8.50 

7.76 

90 

66"  X  15' 

730.00 

8. II 

7.70 

100 

66"  X  16' 

770.00 

7.70 

7-57 

110 

66"  X  18' 

820.00 

7-45 

7.48 

125 

72"  X  16' 

920.00 

736 

7  36 

150 

72"  X  18' 

1000.00 

6.67 

7.22 
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The  equation  for  the  adjusted  prices  is 


„       107.50    ,    , 


(58) 


where 


and 


C  =  cost  in  dollars  per  bo.h.p. 
M  =  the  size  in  bo.h.p. 

TABLE  27 

■\V.A.TER-TUBE  BOILERS  WITH  FULL  FrONT  SeTTIXG 
PRICES,    1906-10 


Size,  bo.h.p 

Price  per  bo.h.p. 

Size,  bo.h.p 

Price  per  bo.h.p. 

$25 


20 


,15 


100              125              150              175              200  250 

S13.60  S12.70  S12.10  Six. 67  Six. 35  Sxo.go 

300             350             400             450             500  600 

S1O.60  SXO.39  $X0.22  SlO.XO  $10.00  $985 
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Fig.  9. — Variation  in  prices  of  boiler  with  size  and  tj-pe. 

The  equation  for  these  values  is 

C  =  ^  +  9.io (59) 

M 

Fernold  and  Orrok,  "Engineering  of  Power  Plants,"  give 

C  =  ^"  +  9. (60) 

and  the  cost  of  setting  as 

Cs  =  140  +  2M (61) 
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79.  In  determining  the  vestances  of  boilers,  we  have  to  consider 
not  only  the  first  cost  of  the  boilers  but  also  their  operating  costs. 
These  are  highly  variable,  but  are  given  as  well  as  possible  for 
average  conditions  in  Table  28. 

TABLE  28 
Boiler  Performance 


Equivalent 

evaporated 

per  pound  fuel 

Tons  fuel  used 

per  3000-hour- 

year 

Annual 

Cost  of 

boiler 

Fuel 

Attendance 

10 

6.0 

7.5 

S37.50 

S30.OO 

$67.50 

20 

6.5 

6.9 

34  50 

20.00 

54 

SO 

30 

7.0 

6.4 

32.00 

15.50 

47 

SO 

40 

75 

6.0 

30.00 

13.00 

43 

00 

50 

8.0 

5-6 

28.00 

12.00 

40 

00 

60 

8.0 

5-6 

28.00 

II  .00 

39 

00 

80 

8.0 

5-6 

28.00 

10.00 

38 

00 

100 

8.0 

5.6 

28.00 

9.00 

37 

00 

125 

8.0 

5.6 

28.00 

8.00 

36 

00 

150 

8.0 

5.6 

28.00 

7.50 

35 

50 

200 

8.5 

5-4 

27.00 

6.50 

33 

SO 

250 

8.5 

5-4 

27.00 

550 

32 

SO 

With  these  data  and  those  given  in  Tables  26  and  27,  we  can 
determine  in  the  usual  manner  the  vestances  of  these  boilers  and 
get  at  least  some  approximation  to  their  comparative  value, 
depending  upon  the  accuracy  of  the  operating  data  assumed. 
These  vestances  are  given  in  Table  29. 

TABLE  29 

VEST.A.XCES   PER   BO.H.P.    OF    RETURN   TUBULAR   BoiLERS    FOR   30OO   HoURS    FULL 

Load  Use  per  Year,  15-YEAii  Life  and  5  Per  Cent  Interest 


Price  per 
bo.h.p. 

Operating 

Vestances 

Total 

Bo.h.p. 

cost  per 
bo.h.p.  yr. 

Depreciation 

Operation 

10 
20 
30 
40 

SO 

60 

80 

100 

125 

150 

$17-25 
11.87 
10.06 
9.17 
8.6s 
8.29 
7.84 
7.57 
7.36 
7.22 

S67 

54 
47 
43 
40 

39 
38 
37 
36 
35 

50 
50 
50 
00 
00 
00 
00 
00 
00 
50 

$33-25 
22.90 

20.45 
17.70 
16.  70 

15  95 
15.10 
14.60 
14.20 
13.95 

S1350 
1090 
950 
860 
800 
780 
760 
740 
720 
710 

$1383.25 
II I  2 . 90 

970.45 
877.70 
816.70 

795  95 
775-10 
754-60 
734.20 
723-95 
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TABLE  30 

Vestances  per  Bo.h.p.  of  Water-tube  Boilers  with  Full  Front  Setting 
FOR  3000  Hours  Full  Load  Service  per  Year,  25-YEAR  Life,  and  5  per 
Cent  Interest 


Bo.h.p. 

Price  per 
bo.h.p. 

Operating  cost 
per  year 

Vestances 

Depreciation 

Operating 

100 

$13.60 

$37.00 

$19  35 

$740 

$759-35 

125 

12.  70 

36.00 

18 

05 

720 

738 

05 

150 

12.  10 

35  50 

17 

20 

710 

727 

20 

200 

11-35 

33-5° 

16 

15 

670 

686 

15 

250 

10.90 

3250 

15 

50 

650 

665 

50 

300 

ro.6o 

31-50 

IS 

OS 

630 

64s 

OS 

400 

10.  22 

29.00 

14 

55 

580 

594 

55 

500 

10.00 

28.00 

14 

25 

560 

574 

25 

600 

985 

28.00 

13 

90 

560 

573 

90 

80.  In  all  cases,  the  vestance  is  chargeable  not  so  much  against 
the  equipment  which  is  used  in  the  rendition  of  the  service  as 
against  the  service  which  is  rendered;  the  vestance  is,  in  fact,  the 
true  outlay  for  the  rendition  of  the  service.  Against  this,  we  must 
credit  the  undertaking  with  the  worth  of  the  service  rendered. 
If,  for  example,  the  service  produced  is  worth  A  dollars  per 
year,  then  its  vestance  is  A/R;  and  if  this  service  is  produced 
by  an  equipment  having  a  vestance  F,  then  the  excess  worth 
of  the  undertaking  is  equal  to  (A/R  —  V)  dollars. 

Example  41.  In  the  case  of  a  500  h.p.  boiler,  the  steam 
produced  sells  for  40  cents  per  1000  pounds.  The  service  is 
for  3000  hours  per  year,  interest  5  per  cent,  and  other  costs  as 
given  in  the  tables.     What  is  the  excess  worth  of  the  undertaking. 

Solution:  Allowing  30  pounds  of  steam  produced  per  bo.h.p.h., 
there  will  be 

30  X  3000  =  90,000  pounds 
of  steam  produced  per  year  per  bo.h.p.  which  will  sell  for 


90,000 
1000 


X  o .  40  =  $  36 .  00  per  year. 


Its  vestance  is 


36.00  -=-  0.05  =  $720.00. 
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The  total  vestance  per  bo.h.p.  of  the  500  bo.h.p.  boiler  is  given 
as  $5 74. 25  in  the  table.  So  we  have  a  charge  against  the  service 
of  $574.25  and  a  credit  of  $720.  The  difference,  which  is  the 
excess  worth  of  the  undertaking  above  that  of  the  total  vestance, 
is  equal  to 

720  -  574.25  =  $145-75  per  bo.h.p. 

The  cost  of  the  service  per  year,  allowing  a  return  of  5% 
on  the  investment,  is 

574.25  X  0.05  =  $28.71, 

and  the  cost  per  1000  pounds  of  steam  is 

28.71  -^  90  =  $0.32. 

In  general,  if  V  is  the  total  vestance  chargeable  against  the 
service  and  Vc  is  the  vestance  to  be  credited  to  the  undertaking, 
then  the  excess  worth  of  the  undertaking  is 

W  =  Vc-  V. 

The  annual  cost  of  the  service  is  VR;  the  annual  gross  income 
is  RVc;  and  the  excess  income  above  the  R  per  cent  return  on 
the  investment  C  is 

WR  =  R{Vc  -  V). 

81.  If  a  given  undertaking  produces  U  units  of  service  per 
year,  and  the  price  per  unit  of  service  is  7,  then  the  gross  annual 
income  is  UJ,  and  the  credit  vestance  is 

V.  =  ^; 

R 

If,  further,  V  is  the  total  vestance  chargeable  against  the  under- 
taking, then  VR  is  the  annual  cost  of  the  service,  and  the  cost 

VR 

per  unit  of  service  is  -jz-.     Note,  however,  that  this  cost  allows 
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the  return  of  R  per  cent  on  the  investment.     The  excess  income 

above  this  return  is 

A  =  UJ  ~  VR. 

But  this  excess  income  adds  an  excess  worth  to  the  undertaking, 
amounting  to 

W  =  ^-V (a) 

The  sum  W  is  the  amount  the  investor  will  pay  for  the  under- 
taking in  excess  of  its  cost,  to  secure  him  a  return  of  R  per  cent 
on  his  investment,  taking  into  consideration  the  plant  vestance, 
and  the  employed  size  of  the  undertaking. 
If  the  undertaking  is  not  employed,  then 

U  ^  o 
and 

Uj 

So  also,  under  these  conditions,  the  total  vestance  reduces  to 
the  depreciation  vestance,  the  operating  vestance  being  zero 
and  the  excess  worth  becomes  equal  to 

W  =    -Va; 

and  the  total  worth  of  the  undertaking  becomes  equal  to 

Wt  =  Va  -  Va  =  O 

An  undertaking  that  is  not  employed  is  therefore  worthless, 
except  for  what  we  may  get  out  of  it  in  sale. 

Solving  the  above  equation  (a)  for  the  price  per  unit  of  service 
gives 

.      R(W  +  V) 

^  =  — u  — 

In  this  equation,  the  total  worth  of  the  undertaking  is 

Wt  =  W  -\-  V 
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and  the  total  annual  cost  of  the  service,  if  the  sum  Wt  dollar 
has  been  paid  for  the  undertaking,  is  equal  to  R{W  +  V). 

These  equations  must  not  be  confused.  The  total  amount 
paid  by  the  investor  is  the  first  cost  C,  plus  W,  the  worth  of  the 
excess  income.  The  price  P  of  the  undertaking  paid  by  the 
investor,  in  order  to  secure  him  the  R  per  cent  return  on  his 
investment,  will  therefore  be  equal  to 

F  =  W  +  C. 

We  can  distinguish  this  as  the  fair  price,  giving  the  investor  a 
return  of  RP  dollars  per  year. 

If  the  plant  or  undertaking  has  no  excess  worth,  then  the 
total  worth  of  the  plant  reduces  to  the  total  vestance.  Again 
the  total  vestance  of  the  undertaking  may  be  greater  than  the 
credit  vestance.  In  such  a  case,  the  excess  worth  becomes 
negative;  that  is,  the  undertaking  is  worth  less  than  its  total 
vestance  and  it  will  not  produce  a  return  of  R  per  cent  on  the 
first  cost  C. 

The  excess  worth  is  zero;  that  is,  the  worth  of  the  undertaking 
is  just  equal  to  the  total  vestance,  when 

^  -  F  =  o, 

so  that 

Uj  =  VR. 

In  this  case,  the  pricey  that  must  be  obtained  will  equal 
.       VR 

Evidently,  then,  the  less  service  that  is  produced  per  year,  the 
greater  is  the  price  that  must  be  obtained. 
Since  we  have 

T^  R' 
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where  a  is  the  annual  cost  of  operation,  the  cost  of  operation  per 
unit  of  service  will  equal 


and 


and  the  equation  for  the  price  becomes 


a' 

a 

V 

-'f- 

a'U 
R  ' 

j  =  R 
or 


■       CR   .     , 


Example  42.  A  boiler  costing  $12.50  per  boiler  horse  power, 
produces  100,000  pounds  of  steam  per  60  h.p.  per  year.  The  life 
of  the  boiler  is  25  years;  interest  6%,  and  operating  cost  20 
cents  per  1000  pounds  of  steam.  Determine  the  price  that 
must  be  obtained  per  1000  pounds  of  steam,  so  that  the  plant 
shall  have  no  excess  worth. 

Solution.  In  this  case  C  =  $12.50, 

U  =  100 


T25  =  0.76700, 
R  =  0.06, 
a'  =  0.20, 


and 
Therefore 

or 


12.50  X  0.06    , 

J  =  — ^— +  0.20, 

0.767  X  100 

j  =  $0.2098. 
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82.  Centrifugal  Pumps. — The  variation  in  price  of  one 
certain  make  of  centrifugal  pumi)s  with  size  and  type  is  given 
below. 

TABLE  31 

Low  Head  Horizontal  Belted  Centrifugal  Pumps 

1910-12 


Size 
inches 


Normal  capacity, 
g.p.m. 


Cost  of  pump 


Cost  per 
1000  g.p.m. 


Adjusted 
costs 


3 

sh 
4 

5 

6 

7 


14 
IS 
16 
18 
20 
24 
30 
36 
40 

44 


20 

50 

100 

150 

225 

300 

400 

700 

900 

1,200 

1,600 

3.000 

4,500 

6,000 

7,000 

8,ooo 

10,000 

14,000 

20,000 

30,000 

40,000 

50,000 

60,000 


^2  J .00 

33  00 

42.00 

51.00 

60.00 

69.00 

75.00 

100.00 

1 20 . 00 

150.00 

I 80 . 00 

240.00 

300.00 

425.00 

475  00 

525  00 

900 . 00 

1000.00 

1 200 . 00 

1550.00 

2400 . 00 

2700.00 

3200.00 


51350.00 
660.00 
420.00 
340.00 
266.00 
230.00 
187.50 
142.86 

^^33-33 
125.00 
112.50 
80.00 
66.67 
70.83 
67.86 
65.62. 
90.00 
71.40 
60.00 

5167 
60.00 
54.00 
53-33 


$180.70 
253  10 

330-75 

408 . 20 

459-90 

511.60 

615.00 

821.80 

1132 .00 

1649.00 

2166.00 

2683 . 00 

3200.00 


The  factory  costs  are  somewhat  erratic  due  to  the  lack  of 
knowledge  of  exact  costs  on  the  part  of  the  manufacturer. 
The  prices  on  the  larger  sizes  are  no  doubt  based  on  ''  esti- 
mates." The  equation  based  on  the  adjusted  values,  i.e.,  those 
that  have  been  brought  into  consonance  with  themselves,  is 


C  =  j^  +  5r.7o, 


(62) 


where 


and 


C  =  cost  in  dollars  per  1000  g.p.m.  of  capacity, 
M  =  the  capacity  in  looo's  of  g.p.m. 
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Fig.   lo. — Variation  in  price  of  centrifugal  pumps,  with  size  and  type. 

TABLE  32 
High  He.\d  Horizont.vl  Belted  Centrifugal  Pumps 


1910— 1912 


40 


Size 
inches 

Normal  capacity, 
g.p.m. 

Cost,  factory. 

Cost  per 
1000  g.p.m. 

Adjusted 
costs 

ih 

50 

$67.20 

$1344.00 

S77.625 

2 

100 

84.00 

840 . 00 

83 -75 

2\ 

150 

94.80 

63  2 . 00 

90.375 

3 

225 

112. 20 

500 . 00 

99-94 

4 

400 

134    40 

338   00 

122. 25 

5 

700 

150.00 

214.30 

160.50 

6 

900 

198.00 

220.00 

186.00 

7 

1200 

240.00 

200.00 

224.25 

8 

1600 

294.00 

183.75 

275.25 

10 

2500 

390.00 

156.00 

390.00 

12 

4000 

5  2  2 . 00 

130.50 

■       581.25 

The  equation  based  on  the  adjusted  values  is 


^  =  ^  +  «'-'^5°- 


(63) 
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TABLE  33 

DrRECT-CONNECTED  HORIZONTAL   CENTRIFUGAL  PUMPS  LeSS  MoTOR 
1910-12 

25  Ft.  Head 


H.p. 

R.p.m. 

Size 
inches 

Capacity 
g.p.m. 

Cost 
factorj' 

Cost  per 
1000  g.p.m. 

1 
2 

1800 

3 

4 

IS 

$70.00 

$4666.67 

I 

1800 

3 

70 

100.00 

1428.00 

2 
3 

1800 
1800 

3i 

4 

130 
240 

125.00 
140.00 

960.00 
580.00 

5 

1800 

5 

420 

170.00 

405   00 

7h 

1200 

5 

610 

230.00 

376.00 

1\ 

1200 

6 

650 

310.00 

476.00 

10 

1200 

5 

820 

240 . 00 

294.00 

10 

1200 

8 

1000 

385 • 00 

385- 00 

15 

900 

7 

1300 

310.00 

237.00 

20 

1800 

7 

1350 

330.00 

245.00 

20 

720 

10 

2300 

500 . 00 

2 1 8 . 00 

25 
30 

720 
1800 

10 
8 

2500 
2000 

530.00 
385   00 

2 1  2 . 00 
192.00 

30 
35 

900 
600 

10 
12 

3200 
3500 

500 . 00 
630 . 00 

156.00 
180.00 

50 
50 

900 
600 

12 
12 

4800 
4800 

675.00 
750.00 

144.00 
156.00 

DIRECT  CONNECTED   CENTRIFUGAL  PUMPS 
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TABLE  34 

Direct- CONNECTED  Horizontal  Centrifugal  Pumps  Without  Motor 

1910-12 

so  Ft.  Head 


H.p. 

R.p.m. 

Size 
inches 

G.p.m. 

Cost 

Cost  per 
1000  g.p.m. 

2 

1800 

I 

25 

$80.00 

$3200.00 

2 

1800 

2 

50 

100.00 

2000 . 00 

3 

1800 

2\ 

100 

115.00 

1 1 50 . 00 

5 

3600 

3 

200 

135  00 

675.00 

5 

1800 

2\ 

200 

145.00 

725.00 

1\ 

1800 

4 

350 

180.00 

512.00 

10 

1800 

4 

500 

185 .00 

370.00 

15 

1800 

4 

700 

210.00 

300.00 

20 

1200 

6 

1000 

270.00 

270.00 

20 

1800 

7 

1 100 

330 . 00 

300.00 

25 

900 

7 

1250 

400.00 

320.00 

30 

1800 

8 

1500 

385 • 00 

260.00 

35 

900 

8 

2000 

420.00 

2x0.00 

40 

900 

8 

2200 

420.00 

191.00 

40 

900 

12 

2600 

930.00 

3S7-00 

50 

900 

10 

2500 

530  00 

212.00 

75 

900 

10 

3900 

55°  00 

141 .00 

100 

900 

12 

5500 

650.00 

118.00 

125 

600 

IS 

7000 

1000 . 00 

143.00 

ISO 

720 

14 

775° 

900 . 00 

116. CO 
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TABLE  35 

Direct-connected  Horizontal  Centrifugal  Pumps  Without  Motor 

1910-12 

100  Ft.  Head 


H.p. 

R.p.m. 

Size 
inches 

G.p.m. 

Cost 

Cost  per 
1000  g.p.m. 

3 

3600 

I 

43 

$140.00 

$3260.00 

5 

3600 

3 

135 

135   00 

1000.00 

1\ 

1800 

2 

125 

150.00 

1 200 . 00 

15 

3600 

l\ 

300 

150.00 

500 . 00 

15 

iSoo 

2\ 

315 

185.00 

588.00 

20 

1800 

4 

470 

210.00 

446 . 00 

25 

1800 

4 

560 

235   00 

420.00 

30 

1800 

5 

700 

260.00 

371    00 

35 

1800 

4 

700 

240 . 00 

342.00 

40 

1200 

5 

1040 

325   00 

313.00 

50 

1800 

6 

1275 

270.00 

212.00 

75 

1200 

8 

1800 

420.00 

233   00 

75 

1200 

7 

2000 

530.00 

265.00 

100 

1200 

8 

2450 

550  00 

2 1  7 . 00 

100 

900 

8 

2700 

640 . 00 

237.00 

150 

1800 

12 

3800 

1000.00 

264 . 00 

150 

900 

10 

4000 

680 . 00 

I  70 . 00 

200 

1200 

12 

5600 

680 . 00 

121.00 

250 

900 

14 

7000 

1100.00 

157.00 

$3500 

3000 
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Fig.  II. — Prices  of  direct-connected  centrifugal  pumps. 
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TABLE  36 

Direct-connected  Horizontal  Centrifugal  Pumps  Without  Motor 

1910-12 

150  Ft.  Head 


H.p. 

R.p.m. 

Size, 
inches 

G.p.m. 

Cost 

Cost  per 
1000  g.p.m.  cap. 

3 

1800 

I 

17 

$230.00 

$13,530.00 

5 

1800 

I 

30 

230 . 00 

7,670.00 

ih 

1800 

l| 

50 

270.00 

5 ,400 . 00 

10 

1800 

2 

90 

270.00 

3,000.00 

15 

3600 

zh 

150 

150.00 

1 ,000 . 00 

20 

1800 

2h 

160 

190.00 

1,190.00 

20 

1800 

4 

300 

430 . 00 

1 ,430 . 00 

25 

1800 

3 

235 

200 . 00 

850 . 00 

35 

1800 

4 

500 

450.00 

900 . 00 

35 

1800 

5 

550 

575  00 

1,042.00 

40 

1200 

4 

430 

415.00 

965 . 00 

50 

1800 

5 

800 

600 . 00 

750.00 

5° 

1800 

6 

850 

725.00 

850 . 00 

50 

1200 

5 

600 

510.00 

850.00 

75 

1200 

6 

1200 

500.00 

416.00 

75 

1800 

8 

1400 

900 . 00 

643 . 00 

100 

1200 

8 

1500 

550  00 

366 . 00 

100 

1800 

8 

1800 

925.00 

51300 
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Fig.  12. — Prices  of  vertical  centrifugal  pumps,  complete. 
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TABLE  37 

Vertical  Centrifugal  Pumps 
1910-12 

Complete  with  frames,  valves,  shafting,  boxes,  pipe,  collars,  etc. 


Size, 
Inches 

Normal 
Capacity 

Price 

With  25  ft.  frame 

With  50  ft.  frame 

With  75  ft.  frame 

2 

100  g.p.m. 

S196.OO 

$265.00 

S33400 

2\ 

150       " 

221 .00 

293 . 00 

364.00 

3 

225       " 

249 . 00 

332.00 

408.00 

l\ 

300       " 

281 .00 

368.00 

452.00 

4 

400       " 

300 . 00 

397.00 

482.00 

5 

700       " 

353  00 

462 . 00 

561 .00 

6 

900       " 

423.00 

550  00 

658.00 

7 

1200       " 

496 . 00 

616.00 

733.00 

8 

1600       " 

605 . 00 

740.00 

860.00 

} 
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83.  Cost  of  Large  Pumping  Units. — The  following  quotations 
were  made  on  various  types  of  complete  pumping  plant  f.o.b. 
factory,  between  1908  and  19 10. 

1.  A  25,000  g.p.m.  horizontal  pump  for  a  total  head  of  16  ft.,  direct- 
connected  to  a  150  h.p.  257  r.p.m.  a.c.  motor  together  with  primer,  etc., 
and  100  ft.  of  piping.     Price  quoted  S6000. 

2.  Same  as  (.1)  above  but  for  20  ft.  head.     Price  quoted  S7500. 

3.  A  25,000  g.p.m.  horizontal  pump  for  a  total  head  of  16  ft.,  direct 
connected  to  a  150  h.p.  horizontal  tandem  compound  condensing  steam 
engine,  complete  with  water  tube  boiler,  jet  condenser,  and  necessary- 
piping.     Price  quoted  $12,000. 

4.  Same  as  (3)  but  for  20  ft.  head.     Price  quoted  $15,000. 

5.  One  50,000  g.p.m.  horizontal,  double  suction  pump,  direct-connected 
to  one  300  h.p.  200  r.p.m.  a.c.  motor  for  16  ft.  total  head,  together  with 
100  ft.  of  piping  and  electric  primer.     Price  quoted  $9000. 

6.  Vertical  axial  flow  turbine  with  a  capacity  of  125  cu.  sec.  ft.  against  a 
head  of  6  ft.,  with  69  in.  runner,  speed  65  r.p.m.  direct  geared  to  a  150  h.p. 
485  r.p.m.  vertical  motor  and  ha\'ing  a  guaranteed  efficiency  of  60%. 
Price  quoted  $6100. 

7.  Same  as  (6)  but  for  75  cu.  sec.  ft.  of  capacity  and  57  in.  runner  and 
100  h.p.  motor.     Price  quoted  $4900. 

8.  One  40  in.  horizontal  centrifugal  pump  having  a  capacity  of  125  cu. 
sec.  ft.  against  a  total  head  of  11  ft.,  belted  to  a  250  h.p.  motor.  Pump 
efficiency  guaranteed  50%.     Price  quoted  $6100. 

9.  Same  as  (8)  but  for  6  ft.  head,  50%  efficiency,  and  belted  to  a  150 
h.p.  motor.     Price  quoted  S3400. 

84.  Operating  Costs  of  Centrifugal  Pumps. — The  material 
consumed  in  the  case  of  pumps  is  power  together  with  a  very 
little  oil  and  waste.  The  amount  of  power  used  depends  upon 
the  pump  efficiency  and  the  cost  of  the  power  or  its  price.  The 
efficiency  of  pumps  varies  both  with  the  size  of  the  pump  and 
the  head  pumped  against,  larger  pumps  and  greater  heads 
giving  higher  efficiency,  according  to  the  table  38. 
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TABLE  38 

Efficiencies 

centrifugal  pumps 


Head  in  Feet 

Capacity, 

K.p.m. 

10' 

12' 

15' 

20' 

25' 

30' 

40'  to  70' 

% 

% 

or 

/o 

% 

% 

% 

% 

50 

22 

23 

24 

25 

29 

30 

ZZ 

75 

25 

26 

27 

29 

3,i 

35 

36 

100 

28 

30 

Z2 

34 

36 

38 

40 

150 

32 

34 

35 

2,7 

40 

42 

45 

200 

36 

37 

39 

42 

45 

48 

50 

300 

40 

41 

43 

45 

47 

51 

53 

400 

42 

44 

46 

48 

50 

54 

56 

500 

44 

46 

48 

50 

53 

56 

58 

600 

46 

48 

50 

52 

54 

58 

60 

700 

48 

50 

52 

54 

57 

60 

62 

800 

50 

52 

54 

56 

61 

63 

64 

900 

52 

54 

56 

59 

62 

63 

64 

1,000 

53 

55 

57 

59 

62 

64 

65 

1,200 

54 

56 

58 

60 

64 

65 

66 

1,400 

55 

57 

59 

62 

65 

67 

68 

1,600 

57 

59 

61 

63 

65 

67 

68 

Pump  Efficiency  Continued 

s' 

10' 

15' 

25' 

35' 

so' 

% 

% 

% 

% 

7c 

% 

6,000 

50 

60 

65 

70 

70 

70 

7,000 

5° 

61 

65 

70 

70 

70 

8,000 

50 

62 

66 

70 

70 

70 

10,000 

50 

63 

67 

70 

73 

15,000 

50 

635 

68 

70 

74 

20,000 

50 

64 

69 

70 

75 

30,000  to 

60,000 

50 

65 

70 

70 
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Fig.  13. — Efficiencies  of  centrifugal  pumps. 


At  10  ft.  head,  the  variation  of  pump  efficiency  with  capacity  is 


where 


and 


>/  =  67  - 


y  =  efficiency  in  per  cent, 


i4_ 


(64) 


M  =  the  pump   capacity   in   thousands  of  gallons  per 
minute  capacity. 

With  increased  head  the  pump  efficiency  increases  by  the 
following  per  cents: 

Head 10     12     15     20       25       30     40     50 

Per  cent  increase  in  efficiency .     o       4      9     15     18.5     21     25     28 


Corresponding  to  the  equation 


yp  =  50-5 


160 


(65) 


where 


and 


yp  =  per  cent  increase  in  efficiency, 


h  =  the  head  in  feet. 
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The  lubricating  oil  used  amounts  to  about  o.ooi  pint  per 
water  horse  power  hour. 

85.  It  is  often  assumed  that  the  cost  of  attendance  of  cen- 
trifugal pumps  is  zero.  This  is  hardly  correct,  although  this 
cost  for  centrifugal  pumps  is  very  small.  It  depends  upon  the 
general  design  of  the  installation  normally  being  about 


^="-i. (66) 


where 

A  =  cost  of  attendance  in  cents  per  h.p.h.  as  of  1910, 
and 

M  =  the  h.p.  required  to  drive  the  pump. 

It  must  be  borne  in  mind  that  all  costs  are  as  of  1906-10. 
To  get  the  attendance  cost  as  of  to-day  divide  by  the  relative 
value  of  gold  now  as  compared  with  the  date  above,  as  indi- 
cated by  the  relative  purchasing  power.  Thus  if  the  purchasing 
power  of  gold  now  is  only  half  of  what  it  was  then,  all  costs 
now  would  be  double  that  given  above. 

Based  on  the  study  of  the  efficiency  of  pumps  at  fractional 
loads  covering  the  tests  of  several  hundred  pumps  varying  in 
size  from  i  inch  to  12  inches  and  consisting  of  four  different 
makes  and  some  twelve  different  types,  we  have  obtained  the 
following  average  values  of  the  per  cent  of  full  load  efiticiency 
at  fractional  loads,  viz. : 

Per  cent  of  full  load o       25       50       75       100      125      150 

Per  cent  of  full  load  efficiency,   o     43.6     75     93.7     100    93.7      75 

Corresponding  to  the  equation 

y,  =  F{2  -  o.oiF),       ......     (67) 

where 

yp  =  per  cent  of  full  load  efficiency, 
and 

F  =  per  cent  of  full  load. 

86.  In  the  case  of  centrifugal  pumps,  the  costs  of  attendance, 
oil,  and  the  like,  are  very  small,  as  compared  with  the  cost  of 
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power.  In  the  following  tables  of  vestances  of  centrifugal 
pumps,  we  have,  therefore,  left  these  items  out  of  consideration. 
The  vestances  are  given  not  only  at  full  and  fractional  loads, 
but  at  variable  heads  as  well.  We  have  assumed  a  cost  of  power 
at  one  cent  delivered  at  the  pump  shaft,  interest  rate  5%  as 
before,  and  a  normal  year  of  operation  at  1500  hours,  with  25 
years  as  the  life  of  the  pumps. 

TABLE  39 

Vestances  per  iooo  G.p.m.  of  Capacity  of  Low  Head  Belted  Centrifugal 

Pumps 


Rated 
Capacity, 

G,P.M, 

Deprecia- 
tion Ves- 
tance  per 

IOOO    G,P,M, 

Operating  Vestances  at  Heads  of 

10' 

20' 

30' 

so' 

SO 

100 

150 

225 

300 

400 

700 

900 

1,200 

1,600 

3,000 

4,500 

6,000 

7,000 

8,000 

10,000 

$936 ■ 60 
596.10 
482.50 

377  SO 

326,40 

265.40 

202.80 

189.20 

177.20 

160.00 

119.50 

106.40 

96.70 

93  40 

91.20 

87-30 

83.40 

80.00 

78.00 

76.80 

76.20 

75-70 

$3400.00 
2680 . 00 
2350,00 
2025,00 
1875,00 
I 790 , 00 
1565,00 
1445,00 
1390.00 
1320.00 
1295,00 
1270,00 
1250,00 
1 230 . 00 
1210.00 
1190.00 
1185.00 
II 70 . 00 
1165.00 
1160.00 
I15500 
1150.00 

$6000 . 00 
4410.00 
4050 . 00 
3625.00 
3330.00 
3120.00 
2770.00 
2540.00 
2500.00 
2380 . 00 
2320.00 
2270.00 
2230.00 
2220.00 
2200.00 
2180.00 

2 1  70 . 00 
2160,00 
2140.00 
2135.00 
2 I 30 . 00 
2125.00 

$7500.00 
5920.00 
5370.00 
4670.00 
4420.00 
4170.00 
3750.00 
3570.00 
3460 . 00 
3360.00 
3310.00 
3260.00 
3220.00 
3170.00 
3120.00 
3080 . 00 
3040 . 00 
3000 . 00 

$11,360.00 
9,360.00 
8,320.00 
7,430.00 
7,070.00 
6,690.00 
6,040.00 
5,850.00 
5,680.00 
5,500.00 
5,460.00 

5 ,400 .  00 
5,340.00 
5,310.00 
5,280.00 

14,000 

20,000 

30,000 

40,000 

50,000 

60,000 
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TABLE  40 
Vestances  per  iooo  G.p.m.  of  C.a.p.\city  of  Vertical  Centrifugal 

PUMP.S 


Capacity, 

Vestances  at  Heads  of 

G.P.M. 

7S'                                  1                so' 

1 

75' 

100 

Va $5210.00 

Vd 2780.00 

Vt $7990.00 

Va $4690.00 

Vd 2090.00 

Vt $6780.00 

Va $4150.00 

Vd 1570.00 

$9,370.00 

3,760.00 

$13,700.00 
4,740.00 

150 

$13,130.00 

$8,330.00 

2,770.00 

$18,440.00 

$12,300.00 
3,440.00 

225 

$11,100.00 

$7,500.00 
2,100.00 

$15,740.00 

$11,050.00 
2,670.00 

300 

Vt $5720.00 

Va $3980.00 

Vd 1330.00 

$9,600.00 

$7,070.00 
1,740.00 

$13,720.00 

$10,420.00 
2,140.00 

400 

Vt $5310.00 

Va $3750.00 

Vd 1063.00 

$8,810.00 

$6,690.00 
1 ,405 . 00 

$12,560.00 

$9,890.00 
1,710.00 

700 

Vt $481300 

Va $3290.00 

Vd 717.00 

$8,095.00 
$6,040.00 

938.00 

$6,978.00 

$5,860.00 
866 . 00 

$11,600.00 

$8,930.00 
1,140.00 

goo 

Vt $4007 .  00 

Va $3020.00 

Vd 670.00 

Vt $3690.00 

Va $2925.00 

Vd  587.00 

Vt $3512.00 

Va $2880.00 

$10,070.00 

$8,650.00 
1 ,040 . 00 

1200 

$6,726.00 

$5,680.00 
727.00 

$9,690.00 

$8,410.00 
866 . 00 

1600 

$6,407.00 

$5,510.00 
657.00 

$9,276.00 
$8,160.00 

Vt $3258.00 

$6,167.00 

$8,922.00 
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Fig.  1 6. — Total  vestances  of  horizontal  direct  connected  centrifugal  pumps. 

87.  Nothing  could  show  better  how  vestance  indicates  directly 
the  relative  values  of  various  equipment  than  Table  41.  Where 
there  are  so  many  different  sizes,  speeds,  capacities,  etc.,  each 
with  a  different  efficiency  and  price,  it  would  seem  at  first  that 
there  are  so  many  variables  that  a  basis  of  comparison  could 
not  be  found.  When,  however,  all  these  variables  are  reduced 
to  the  basis  of  a  permanent  rendition  of  the  servdce,  the  problem 
simplifies  at  once  and  we  have  the  total  vestance.  That  unit 
which,  under  given  conditions,  has  the  lowest  total  vestance 
is  the  most  economical,  i.e.,  has  the  highest  financial  efficiency. 

Thus  at  25  ft.  head,  the  20  h.p.  2300  g.p.m.  pump  has  the 
lowest  total  vestance  of  $2919  per  1000  g.p.m.  of  capacity, 
the  next  lowest  being  the  30  h.p.  3200  g.p.m.  pump,  having 
a  total  vestance  of  $3042.  Each  of  these  pumps  has  a  first 
cost  of  $500,  apparently,  a  rather  high  price.  Yet  the  first  cost 
represents  in  this  case  only  about  one-sixth  of  the  total  cost 
of  rendering  the  service. 

In  the  case  of  the  20  h.p.  2300  g.p.m.  pump,  the  first  cost 
per  1000  g.p.m.  of  capacity  is  $218  and  the  total  depreciation 
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vestance  is  $309.  The  difference  of  $91  is  due  to  limited  life. 
If  then  this  pump  could  be  so  constructed  that  its  life  would 
be  permanent,  our  total  vestance  would  be  reduced  only  by 
this  amount  of  $91,  not  a  very  significant  per  cent  of  the  total 
vestance.  It  is  evident  then  that  increasing  the  life  of  pumps 
is  not  nearly  as  important  as  increasing  the  pump  efficiency. 

On  the  other  hand,  since  the  operating  vestance  is  $2610,  a 
saving  of  10%  of  the  power  would  reduce  our  total  vestance 
$261,  a  very  significant  amount.  The  question  naturally  arises 
as  to  how  much  the  first  cost  could  be  increased  under  the  above 
conditions  for  a  saving  of  10%  of  the  power  used.  This  is 
obtained  by  multiplying  the  saving  in  total  vestance  by  the  term 
factor  which  is  0.70469  in  this  case.     This  gives 

261  X  0.70469  =  $183.92. 

If,  then,  a  pump  of  2300  g.p.m.  requiring  20  h.p.  is  worth  $500, 
then  a  pump  of  the  same  capacity  requiring  10%  less  power 
or  18.0  h.p.  will  be  worth 

500  +  183.92  =  $683.92. 

If,  for  example,  the  cost  of  the  latter  were  $600,  it  would  still 
save  the  customer  $83.92  and  this  is  for  each  10%  of  the  power 
saved.  Such  improvement  by  refinement  in  design  and  work- 
manship and  by  the  use  of  better  materials  is  attainable  to 
the  extent  of  some  5%  on  the  average  pump  built. 

It  should  be  noted  that  according  to  the  above  list  at  25 
ft.  head,  it  would  be  more  economical  to  use  five  20  h.p.  2300 
g.p.m.  pumps  than  two  50  h.p.  4800  g.p.m.  pumps  on  a  100  h.p. 
installation.     In  the  former  case  the  pump  cost  will  amount  to 

5  X  500  =  $2500, 
and  in  the  latter  case  to 

2  X  675  =  $1350. 

The  saving  in  use  of  the  5-20  h.p.  pumps  in  total  vestance 
over  that  of  two  50  h.p.  pumps  as  above,  will  be 

$3324  -  2919  =  $405 
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for  each  looo  g.p.m.  of  capacity  or  a  total  of  $4657.50,  cer- 
tainly a  significant  sum. 

At  50  ft.  head  the  40  h.p.  2600  g.p.m.  pump  is  best,  the  next 
best  being  the  35  h.p.  200  g.p.m.  pump,  the  difference  in  total 
vestance  being 

$5558  -  5135  =  $423. 

At  100  ft.  head  the  250  h.p.  7000  g.p.m.  pump  is  best  with 
the  200  h.p.  5600  g.p.m.  pump  a  close  second. 

Finally  at  150  ft.  head,  the  75  h.p.  1400  g.p.m.  pump  is  best 
with  the  100  h.p.  1800  g.p.m.  pump  as  a  close  second. 

88.  It  will  be  noted  that  the  larger  sized  pump  does  not 
always  represent  the  best  investment  considering  the  way 
pumps  are  now  being  manufactured.  However,  if  it  is  possible 
at  50  ft.  head  to  make  a  40  h.p.  pump  with  a  total  vestance  of 
only  $5135  it  certainly  is  possible  for  the  manufacturer  to  make 
a  150  h.p.  pump  with  an  even  lower  total  vestance  instead  of 
$830  higher  per  1000  g.p.m.  of  capacity.  It  is  apparent  that 
the  design  of  the  latter  needs  revision.  In  the  future  when 
a  new  design  has  been  made  and  tested,  it  will  have  to  be 
valuated,  the  results  of  which  will  determine  whether  it  will  be 
adopted  or  junked. 

In  the  list  of  pumps  at  25  foot  head  are  two  10  h.p.  pumps, 
one  of  which  costs  $240  and  delivers  820  g.p.m.,  while  the  other 
costs  $385  and  delivers  1000  g.p.m.  The  difference  in  costs 
is  $145  and  the  difference  in  capacity  180  g.p.m.  Usually 
the  latter  pump  is  considered  to  be  so  expensive  that  its  use 
is  prohibitive  except  in  "  fancy  "  installations.  Yet  the  differ- 
ence in  vestance  of  $520  or  nearly  15%  shows  that  in  reality 
the  use  of  the  cheap  pumps  is  prohibitive. 

At  high  heads,  good  efficiency  is  still  more  important  than 
at  low  heads.  At  150  ft.  head  there  are  listed  two  100  h.p. 
pumps,  one  having  a  capacity  of  1500  g.p.m.  and  the  other  a 
capacity  of  1800  g.p.m.  The  latter  has  a  first  cost  of  $925, 
and  the  former  a  cost  of  $550,  a  difference  of  $375.  That  is 
there  is  a  difference  of  68%  in  the  cost  of  these  two  pumps. 
It  is  often  said  that  such  fine  pumps  as  the  latter  are  installed 
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merely  for  show.     Yet  the  difference  in  total  vestance  in  favor 
of   the  latter  is 


20,520  —  17,380  =  $3140 


or 


3140  H-   20,520   =    15.3%. 

This  means  that  in  the  latter  case  the  service  can  be  rendered 
15-3%  cheaper. 

It  should  be  borne  in  mind  that  the  cost  of  power  assumed 
is  very  low,  much  lower  than  can  usually  be  obtained.  The 
effect  of  increased  power  cost  is  to  make  an  increase  of  effi- 
ciency more  valuable,  and  to  increase  the  difference  in  vestances 
of  units  whose  efficiencies  differ. 

89.  It  is  ordinarily  assumed  that  pumps  are  either  used  at  full 
capacity,  or  not  at  all.  This  is  true  only  to  the  extent  that 
pumps  are  not  throttled.  But  almost  invariably  the  total 
head  pumped  against  varies  with  the  season,  i.e.,  with  the  change 
in  level  between  the  supply  water  and  the  point  of  discharge. 
The  point  of  discharge  is  usually  constant,  but  the  level  of  the 
supply  water  almost  invariably  changes.  In  the  case  where 
the  water  is  pumped  from  a  river,  the  water  level  may  change 
as  much  as  15  or  20  ft.  The  effect  of  this  is  that  if  the  head  is 
decreased  below  normal,  the  capacity  of  the  pump  is  increased 
above  normal,  i.e.,  the  pump  is  overloaded,  while  if  the  head 
is  increased  above  normal,  the  pump  will  be  underloaded.  The 
amount  of  load  variation  is  very  small  in  high  head  pumping 
plants  and  usually  large  in  very  low  head  plants. 

It  is  evident,  then,  that  the  effect  of  fractional  loading  can- 
not be  neglected  since  the  efficiency  of  pumps  falls  off  quite 
rapidly  with  either  increase  or  decrease  of  capacity,  especially  the 
former.  Unless  we  take  into  consideration  the  amount  of  water 
to  be  pumped  at  each  stage  of  water  level,  the  cost  of  service 
will  be  inexplicably  increased.  And  it  must  be  borne  in  mind 
that  a  very  few  feet  variation  in  head  will  change  the  pump 
capacity  very  greatly,  this  being  especially  true  of  increased 
heads  above  normal.  An  idea  of  the  effect  of  all  this  may  be 
obtained  from  the  following  example. 


EFFECT  OF  FRACTIONAL  LOADS  151 

Example  43. — A  centrifugal  pump  delivers  1000  g.p.m. 
against  66  ft.  head  at  60%  efficiency,  this  being  its  point  of 
best  efficiency.  Assuming  a  normal  irrigation  year  of  1500 
hours,  cost  of  power  at  i  cent  per  h.p.h.  and  interest  at  5%, 
and  neglecting  other  operating  costs,  determine  the  operating 
vestance  at  full,  three-quarters,  half,  and  one-fourth  loads. 

Solution:  The  power  used  at  full  load  is 

66  X  1000  , 

=  27.5  h.p., 


4000  X  0.60 

costing  27^  cents  per  hour  or 

0.275  X  1500  =  $412.5  per  year. 

The  operating  vestance  is  then 

412.5  ^  0.05  =  $8250. 

At  three-fourths,  or  one  and  one-fourth  load,  this  would  be 

8250  -^  0.937  ~  S8804.70, 

since  at  that  load  the  pump  only  gives  93.7%  of  full  load 
efficiency. 

So  at  half  or  one  and  one-half  loads,  the  operating  vestance 
is 

8250  -f-  0.75  =  $11,000, 

and  at  one-fourth  load  it  is 

8250  -^  0.436  =  $18,920. 

90.  It  is  evident  that  at  less  than  three-fourths  or  over  one 
and  one-fourth  load,  the  operating  vestance  becomes  prohibi- 
tive, unless  the  pump  is  used  but  a  few  hours  per  year.  The 
effect  of  the  number  of  hours  of  use  per  year  and  the  location 
of  the  change  point  is  similar  to  that  of  steam  engines,  except 
that  in  this  case  we  have  assumed  the  normal  year  at  1500, 
instead  of  3000  hours. 

Thus  if  Vo  is  the  operating  vestance  of  pumps  per  normal 
year  as  Hsted  in  the  preceding  tables,  then  the  operating  vest- 
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ance  per  hour  is  and  the  total  vestance  per  year  of  (N) 

1500 

hours  is 

VaN 


V  =Vd  + 


IsOO 


Equating  the  total  vestances  of  any  two  pumps  will  determine 
the  change  point. 

Example  44.  At  150  ft.  head,  two  75  h.p.  direct  connected 
pumps  are  listed,  one  having  a  capacity  of  1200  g.p.m.  and 
costing  $500  and  the  other  having  a  capacity  of  1400  g.p.m. 
and  costing  $900.  Determine  the  change  point  on  the  basis 
previously  assumed. 

Solution:  The  operating  vestance  of  the  1200  g.p.m.  pump 
per  hour  is 

18,750  -^  1500  =  $12.50. 

The  total  vestance  per  year  of  (N)  hours  is 

Vi  =  592  +  i2.5iV. 

For  the   1400  g.p.m.  pump,  the  operating  vestance  per  hour 
is 

16,100  -^  1500  =  $10,733, 

so  the  total  vestance  per  year  of  (.V)  hours  is 

V2  =  915  +  io.733iV. 

The  change  point  is  determined  b}-  equating  the  total  vestances, 
i.e., 

592  +  i2.5xVi  =  915  +  io.733A^i, 
or 

Ni  =  182.8  hrs. 

If  the  pumps  are  to  be  used  less  than  182.8  hours  per  year 
the  cheaper  pump  is  best;  for  more  than  this  number  of  hours 
of  use  the  more  efficient  pump  is  best. 

The  difference  in  total  vestances  of  two  units  operating  at 
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different   efficiencies   increases   with    the   number   of   hours   of 
use.     Thus  when  N  =  5000  hours, 

Vi  =  592  +  12.5  X  5000  =  $63,092, 
and 

V2  =  915  +  IO-733  X  5000  =  $54,580, 

giving  a  difference  of 

63,092  -  54,580  =  $8512. 
The  difference  at  1500  hours  was  only 

19-342  -  i7'OJ5  =  S2327. 

It  is  evident  then  that  for  very  few  hours  of  use  per  year 
a  cheap  pump  should  be  used.  But  as  the  number  of  hours 
of  use  per  year  increases  not  only  should  we  use  the  more 
expensive  pump,  but  the  comparative  value  of  the  more  effi- 
cient unit  continually  increases.  What  we  pay  for  first  cost 
is  usually  only  a  very  insignificant  part  of  the  cost  of  service. 
The  user,  under  normal  conditions,  can  afford  to  pay  much 
more  in  first  cost  to  the  manufacturer  for  more  efiicient  units 
than  is  now  commonly  done. 

91.  A  considerable  decrease  in  the  life  of  units  does  not 
greatly  increase  the  cost  of  service.  Consequent!)-  increased 
efficiency  should  be  obtained  even  if  it  is  necessary  to  greatly 
decrease  the  life  of  the  unit.  Yet  too  often  the  reputation  of 
a  certain  make  of  apparatus  is  based  on  the  length  of  service, 
rather  than  on  the  quahty  and  cost.  On  the  other  hand,  there 
is  a  tendency  to  continue  to  use  units  when  they  have  become 
inefficient  due  to  wear  or  other  causes,  so  that  the  serv'ice  is 
no  longer  rendered  economically.  Under  such  conditions,  the 
pumps  should  either  be  brought  back  to  full  efficiency,  or  else 
discarded  for  new  apparatus.  Because  under  such  conditions, 
the  excess  operating  vestance  has  become  so  great  that  the 
continued  use  of  the  worn  equipment  would  be  far  more 
expensive  than  the  cost  of  replacement. 
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92.  Motors  and  Generators. 

TABLE  42 

Induction  Motors  with  Starters 

PRICES,  191 2 

2  and  3  phase  60  cycles  110-220  volts,  squirrel  cage  type 


Size, 
H.p. 


15 
20 

25 

30 
40 

50 

75 

ICO 

150 


*33- 00 

40.00 

50.00 

57.00 

70.00 

135  00 

I 60 . 00 

192 .00 

235  00 

255  00 
305.00 
350.00 
400 . 00 
515-00 


R.F.M. 


$40 . 00 

50.00 

58.00 

71  .00 

90.00 

160.00 

195.00 

225.00 

272.00 

305.00 

340.00 

390 . 00 

440 . 00 

565.00 

680 . 00 


$47.00 
63.00 
75.00 
94.00 

1 1 7 . 00 
195.00 
230.00 
270.00 
305 . 00 
340.00 
375- 00 
435 • 00 
485.00 
610.00 
724.00 
960 . 00 


720 

600 

$77.00 

91 .00 

$110.00 

115.00 

140.00 

143.00 

1 70 . 00 

220.00 

267.00 

265.00 

300 . 00 

306 . 00 

348.00 

330  00 

390.00 

377  00 

430.00 

420.00 

465 . 00 

481 .00 

535- 00 

535.00 

595  00 

664 . 00 

720.00 

780.00 

832.00 

1010.00 

1070.00 
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Fig.  17. — Prices  of  squirrel  cage  motors. 
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TABLE  43 

Induction  Motors  with  Starters 

PRICES,  1910-12 

Slip-ring  type  110-550  volts,  3  phase  60  cycle 


Size, 

R.p.u. 

H.p. 

1800 

1200 

goo 

720 

600 

1 

$60 . 00 
80.00 
104.00 
122.00 
155  00 
210.00 
235  00 
275.00 

$77- 00 
104.00 
113.00 
138.00 
175.00 
224.00 
260.00 
300 . 00 
340.00 
380 . 00 
425.00 
505  00 
575 -OO 
725.00 

I 

$113.00 
136.00 
164.00 
188.00 
250.00 
280.00 
330.00 
380.00 
425.00 
475  00 
562.00 
640 . 00 
790 . 00 
920.00 

2 

3 
5 
7* 

10 

$300 . 00 
360.00 
410.00 
468.00 
51500 
608 . 00 
680 . 00 

830 . CO 

960 . 00 

15 
20 

25 
30 
40 
50 
75 
100 

$380.00 
440 . 00 
495.00 
550.00 
640.00 
710.00 
860  00 

990 . 00 

As  previously  noted,  these  prices  are  as  of   19 10-12. 
obtain,  for  example,  prices  as  of  1917,  divide  by  0.65. 


To 
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TABLE  44 
Direct  Current  Motors 

PRICES,    191O-12 

Open  shunt  wound  type  115-230  volts 


H.p. 

Speed 

Price 

I 

1500 

$65.00 

1-5 

1400 

75.00 

2-5 

1400 

100.00 

3-5 

1700 

100.00 

3-5 

1300 

128.00 

5 

1550 

128.00 

5 

1 100 

160.00 

7-5 

1500 

160.00 

7-5 

1000 

200 . 00 

10 

1400 

205 . 00 

10 

1 100 

233.00 

IS 

1400 

245.00 

IS 

1000 

284.00 

20 

1350 

284 . 00 

20 

900 

346  00 

25 

1200 

346.00 

25 

800 

440 . 00 

30 

1000 

440 . 00 

30 

700 

500.00 

35 

950 

516.00 

35 

700 

570.00 

40 

950 

500 . 00 

40 

600 

665 . 00 

50 

1000 

600.00 

5° 

600 

785.00 

Note. — The  price  of  compound  wound  motors  is  5%  higher. 
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Fig.  1 8. — Prices  of  direct  current  motors. 
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Fig.  19. — Prices  of  A.  C.  generators. 


TABLE  45 

A.  C.  Generators 

PRICES,  1910-12 

60  cycle  three-phase  220-550  volts.     Direct-connected  tj^^e. 

Size,  kv.a 10  25         50         75        100       150       250       500      750    1000 

Price  per  kv.a... $25. 00  20.00  16.50  14.75  14  00  12,85  11.50  10.00  9.60  9.40 
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This  corresponds  almost  exactly  to  the  equation 


where 


'-^h--- 


C  =  cost  in  dollars  per  kv.a., 


(68) 


and 


M  =  the  size  in  kv.a. 
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Fig.  20. — Prices  of  transformers. 
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TABLE  46 

Transformers 

PRICES,  1910-12 

II 00- 2 200  to  110-220  volts 

Size,  kw..    0.6  I  1.5  2  2.5  3  4  5  7.5 

Price $26.00     32.00     39.00     46.00     51.00     57.00     68.00     80.00     108.00 

Size,  kw. ...       10  15  20  25  30  40  50 

Price $133  00       184.00       229.00       269.00      314.00      395.00      474.00 

96.  Operating  Costs  of  Electric  Machinery. — The  efficiency 
at  full  load  of  three  phase,  squirrel  cage  motors,   no  to  550 
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volts,  is  independent  of  the  speed  but  varies  with  the  size  as 
given  below. 

TABLE  47 

Efficiencies 

Induction  motors  3  phase  60  cycle 

Size  in  h.p i         2         3         5        7.5      10       15       20       25       30 

Efficiency  in  per  cent ..  .    78.4    82.5    84.2    85.8    87.2    87.9    88.6    89.1    89.4   89.7 

Size  in  h.p 35         40        50       60       75       100     150     200       250 

Efficiency  in  per  cent ..  .    89.85    90.05    90.25    90.4   90.6    90.8    91. i    91.24   91.33 
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Fig.  21. — Efficiencies  of  a-c.  60  cycle  motors. 

This  corresponds  to  the  equation 


Efl 
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where 


and 


13.8 

y.=  92.2  -  -^, 


y  =  the  per  cent  efficiency, 


AI  ^  the  size  in  h.p. 


(69) 
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It  should  be  borne  in  mind  that  such  data  as  we  present  are 
based  on  the  study  of  the  results  of  tests  of  our  very  best  and 
largest  manufacturers.  The  data  themselves,  together  with 
the  curve  of  values  adopted,  are  shown  in  Fig.  21.  The  dis- 
crepancies in  the  data  are  due  to  redesign  of  some  units  before 
the  like  service  could  be  given  to  others;  and  to  some  error 
in  test,  which,  though  small,  is  nevertheless  quite  significant 
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Fig.  22. — Efficiencies  of  a-c.  generators. 


and  finally  to  commercial  exigencies  such  as  the  use  of  a  frame 
designed  for  one  given  size  and  speed,  for  a  different  size 
and  speed.  Such  adaptations  of  one  frame  to  several  sizes 
generally  give  greater  economy  of  production  but  at  a  reduction 
in  worth  of  the  unit  due  to  reduced  efiiciency  and  power 
factor. 

The  efficiency  of  generators  at  full  load  for  3  phase  alter- 
nating current  of  60  cycles  at  from  200  to  550  volts  varies 
with  size  as  follows: 
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TABLE  48 

Efficiency  of  A-c.  Generators 

60  cycles  220  to  550  volts 

Size,  kv.a 50        75        100      125       150      200     300       500 

Per  cent  efficiency 88.5     90.0     90.9     91.5     91.9     92.6     93.2     93.9 

Size,  kv.a 750      1000     1250     1500     2000     3000     4000     5000 

Per  cent  efficiency 94.4     94.7     94.9     95.0    95.2     95.4     95.5     95.6 

These  values  correspond  to  the  equation 


''  =  9^-*-vfe ^'°> 


97.  At  fraction   loads   the  per   cent   of   full  load   efficiency 
obtained  from  motors  and  generators  is  as  follows: 

TABLE  49 

Per  Cent  of  Full  Load  Efficiency  of  Induction  Motors 

3  phase  60  cycle  210-550  volts 

Per  cent  of  full  load 125  100  75  50  25 

Per  cent  of  full  load  efficiency 97  100  100  97  90 

These  values  correspond  to  the  equation 

(87.5-7^)2  ,     , 

jj,  =  100  -  ^-^-^ '-,       ....     (71) 

400 

where 

yp  =  per  cent  of  full  load  efficiency, 

F  =  per  cent  of  full  load. 

TABLE  50 

Per  Cent  of  Full  Load  Efficiency  of  A-c.  Generators 

3  phase  60  cycle  220-550  volts 
Per  cent  of  full 

load 125      100      90        80         70         60         50        40        30         25 

Per  cent  of  full 

load  efficiency  98. 5     100    99.5     98.5     97.0    95.0     92.0     89.0     85.0     82.5 


and 
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This  corresponds  to  the  equation 

(loo  -  FY  f    . 

yp  =  ICO  -  ^ (72) 

320 

The  attendance  cost  of  motors  and  generators  of  1910-12  is 
approximately 

(73) 


o . 0005 


98.  Induction  Motors. — Since  the  efficiency  of  induction 
motors  is  independent  of  the  speed,  the  only  difference  in  the 
vestance  of  induction  motors  of  the  same  size  and  type  will 
be  in  the  depreciation  vestance.  Since  the  depreciation  vest- 
ance is  but  a  small  part  of  the  total  vestance,  there  will  be  but 
little  difference  in  the  cost  of  service  even  though  the  first  cost 
of  low  speed  motors  may  appear  to  be  very  large  in  comparison 
with  the  first  cost  of  high  speed  motors.  We  illustrate  this 
below. 

Example  45.  Compare  the  total  vestance  of  a  10  h.p.  1800 
r.p.m.  3  phase  60  cycle  220  volt  induction  motor  with  another 
motor  of  the  same  size  and  t>pe  but  of  only  600  r.p.m.  speed. 
Assume  the  normal  year  at  3000  hours,  interest  5%,  power  cost 
one  cent  per  h.p.h.  and  neglect  other  operating  costs  besides 
those  of  power. 

Solution:  The  first  cost  of  the  1800  r.p.m.  motor  is  $160 
or  $16  per  h.p.  With  25  years  of  life  and  interest  at  5%,  the 
term  factor  is  0.70469,  so  that  the  depreciation  vestance  per 
h.p.  is 

16  -r-  0.70469  =  $22.75. 

The  efficiency  of  this  sized  motor  is  87.9%  so  that  the  power 
used  per  h.p.  year  is 

3000  -r-  0.879  —  3420  h.p.h. 
costing 

3420  X  o.oi     =  $34.20. 
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The  operating  vestance  is  then 

34.20  -f-  0.05     =  $684, 

and  the  total  vestance  is 

22.75  +  684     =  $706.75. 

For  the  600  r.p.m.  motor  the  first  cost  is  $300  or  $30  per  h.p. 
so  that  the  depreciation  vestance  per  h.p.  is 

30  ^  70469  =  $42.50, 

while  the  operating  vestance  is  the  same  as  for  the  1800  r.p.m. 
motor  or  $684. 

The  total  vestance  is  then 

42.50  +  684  =  $726.50. 
The  difference  is 

42.50  -  22.75  =  $19.75 

out  of  a  total  of  $706.65  or 

19.75  ^  706.75  =  2.66%. 

The  only  object  in  using  low  speed  motors  is  for  the  purpose 
of  combining  them  with  other  low  speed  apparatus  and  where 
this  cost  of  combination  may  be  reduced  by  an  amount  equal 
to  or  greater  than  the  additional  cost  of  the  lower  speed 
motor.  We  have  chosen  above  an  extreme  difference  in  speed. 
Where  the  difference  in  speed  is  not  so  great,  the  dift'erence 
in  total  vestance  will  be  even  less  than  this  small  amount  of 
2.66%. 

99.  We  give  below  the  vestances  of  three  phase,  60 
cycle,   1800  r.p.m.  induction  motors  based    on    a    normal  year 
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of   3000   hours,  power  cost  one  cent  per  h.p.h.   and  interest 
at  5%. 

TABLE  SI 
Vestances  per  H.p.  of  Induction  Motors 
3  phase,  60  cycles,  180o  r.p.m.  at  full  load 


Vest.\nxes 

Ratio 

Size 

Va 

H.p. 

Depreciation 

Operating 

Total      . 

Vd 

I 

$56 . 80 

$767-00 

$823.80 

13-5 

2 

35-55 

728.00 

763 

55 

20 

5 

3 

26.95 

713.00 

739 

95 

26 

5 

5 

19.80 

700 . 00 

719 

80 

35 

4 

7-5 

25.60 

689 . 00 

714 

60 

26 

9 

10 

22.75 

684.00 

706 

75 

30 

0 

15 

18.20 

677.00 

695 

20 

37 

2 

20 

16.  70 

674.00 

690 

70 

40 

3 

25 

14  SO 

671 .00 

685 

50 

46 

3 

30 

14 -45 

669 . 00 

683 

45 

46 

3 

40 

12.43 

667.00 

679 

43 

53 

6 

50 

11-37 

665 . 00 

676 

37 

58 

5 

75 

9.76 

663 . 00 

672 

76 

68 

0 

Note  the  very  great  ratio  of  operating  to  depreciation  vest- 
ance,  and  the  very  great  total  vestance.  This  we  shall  discuss 
further. 

Two  phase  motors  usually  run  one  to  two  per  cent  lower  in 
efificiency,  increasing  the  total  vestance  between  $7  and  $14 
per  h.p.,  a  very  appreciable  amount.  The  operating  vestance 
is  very  large  though  the  power  rate  assumed  is  far  lower 
than  that  which  can  ordinarily  be  obtained.  The  ten-horse 
power  rate  is  usually  2  cents  per  h.p.h.  On  this  basis  the 
operating  vestance  would  be  doubled,  inci easing  the  ratio 
to  60. 

100.  At  fractional  loads,  the  splendid  full  load  efhciency  of 
induction  motors  is  well  maintained,  so  that  there  is  no  great 
variation  of  vestances  at  fractional  loads.  This  is  shown  in 
table  52. 
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TABLE  52 
Vestances  per  H.p.  of  Induction  Motors 
3  phase.  6o  cycles,  i8oo  r.p.m. 


Sue, 
H.p. 


15 


25 


30 


L0.\DS 


125% 


Vd   $45-40 

Va 7QI.OO 

Vt $836.40 

Vd $28.40 

Va 750    00 

Vt $7.78.40 

Vd $25.50 

Va 73^-00 

Vt $761.50 

Vd $15.85 

Va 722.00 

Vi $737-85 

Vd $20.50 

Va 711 .00 

Vt $731-50 

V  d $18. 20 

Va 705.00 

Vt $723-20 

Vd $14-57 

Va 697.50 

Vt $712.07 

Vd $13-37 

Va 695.00 

Vt $708.37 

Vd $11.60 

Va 692.00 

Vt $703-60 

Vd $11.55 

Va 690 . 00 

Vt $701.55 


100% 


$56.80 

767.00 

$823.80 

$35-55 
728.00 

$763-55 

$26.95 

713-00 

$739-95 


$19.80 

700 . 00 

$719.80 

$25.60 

689 . 00 

$714-60 

$22.75 
684 . 00 

$706.75 

$18.20 

677.00 

S695 . 20 

$16.70 

674.00 

s$690.7o 


$14-50 
671 .00 

S685.50 

$14.45 
669 . 00 


$683.45 


$75-75 
767.00 


$842.75 

$47 . 30 
728.00 

$775-30 

$42 . 50 

713 -00 

$755-50 

$26.40 

700 . 00 

$726.40 

$34-10 

68g . 00 

$723-10 

$30.30 
684 . 00 

$714-30 


$24.30 

677.00 

$701.30 


$22.25 

674.00 

$696.25 

$19-30 
671 .00 

$690.30 

$19-27 
669.00 

$688.27 


50% 


$113-60 
791 .00 


$904 . 60 

$71.10 

750.00 

$821 . 10 

$53-90 
736  00 

$789-90 

$39-60 
7  2  2 . 00 

$761.60 


$51-20 
7 I I . 00 


$45-50 

705 ■ 00 

$750-50 

$36-40 

697-50 

$733-90 

$33-40 
695 -00 

$728.40 


$29.00 

692.00 

$721 .00 

$28.90 
690 . 00 

$718.90 


25% 


$227.20 

852.50 

?io79.7o 


$142. 20 
809 . 00 

$951 .20 

$107.80 

792.00 

$899 . 80 


$79 -20 

778.00 

$857.20 

$102 .40 

766.00 

$868.40 


$91 .00 
760.00 


$72.80 

752.00 

$824.80 


749 ■ 00 

S815.80 

$58.00 
746 . 00 


$57-80 
744  00 
?8oi .  80 
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TABLE  52 — Continued 


Size, 
H.p. 


40 


SO 


75 


100% 


$12.43 

667.00 

$679.43 


$11-37 
665 . 00 

6676.37 

$9.76 
663 . 00 

S672.76 


$16.60 
667.00 


$1515 
665 .00 


$13.00 
663 . 00 


$24.86 
688.00 
J712.86 


$22.74 
685.00 

^707- 74 


$19.52 
684 . 00 

$703.52 


25% 


$49 

72 

741 

00 

$790 

72 

$45 

48 

739 

00 

$784 

48 

$39 

04 

737 

50 

$776 


54 
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Fig.  23. — Total  vestances  per  h.p.  of  induction  motors  at  fractional  loads. 

There  is  comparatively  little  change  of  total  vestance  at 
fractional  loads  because  the  efficiency  is  so  well  maintained. 
This  is  a  very  valuable  feature  for  maintaining  good  economy 
under  actual  load  conditions,  such  as  are  invariably  met  in 
practice. 

101.  Generators. — The  vestances  for  alternating  current 
generators  of  the   direct  connected  type  are  given  in  table  53 
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based  on  a  normal  year  of  3000  hours,  cost  of  energy  j  cent  per 
kv.a.,  interest  5%  and  a  life  of  25  years. 

TABLE  53 

Vestances  per  Kv.a.  of  D-C.  Generators 

3  phase,  60  cycles,  22o-550  volts 


Size, 
Kv.a. 


25 


5° 


75 


150 


250 


500 


75° 


Lo.iDS 


Vd $28.40 

Va 208.10 


Vt $236.50 

Vd $22.70 

Va 182.00 

Vt.  . $204. 


172 .00 


Vd 

Va 

Vt $190.80 

Vd $17.00 

Va 169.50 


Vt $186.50 

Vd $15-90 

Va 167. 25 


Vt $183.15 

Vd $14.80 

Va 165.40 


Vt $180.20 

Vn $13.00 

Va 164.00 


Vt $177-00 


*ii.7c 

162.  2-- 


Vd 

Va. 


n73-95 

$10.85 
161 .00 


Vt $171-85 

Vd $10.67 

Va 160.50 

Vt $171-17 


$35-50 
205 . 00 


$240.50 

$28.40 
178.00 


$206.40 

$23-50 
I 69 . 00 

$192.50 


$21.30 
166.80 


$19.90 

154-10 

5184.00 

$18.50 

162.75 

5181.25 

$16.30 
161.25 

^177-55 


$14. 20 

159-50 

B173-7O 

$13-65 
158.50 


5172.15 

$13-35 
158.00 

?i7i-35 


$47-30 
2og . 80 

5257.10 

$37-80 
182.50 

K220.30 


$31-30 
172.50 

$203.80 

$28.35 

170.25 

$198.60 

$26.50 
168.00 


5194-50 

$24.70 
166.75 

5191.45 

$21.70 
165 .00 


$186.70 

$18.90 

162.75 

$181.65 

$18.20 

162.25 

$180.45 

$17-80 

161.75 

$179-55 


$71 .00 

222.80 

$293.80 


$56 . 80 
193  00 

$249,80 

$47  -  00 
184.00 


&231 .00 

$42 . 60 
181 .00 


5223.60 


178.75 


^5. 

•^ 

$ 

142 

00 

257 

00 

$399.00 
$113.60 

217.00 

$330-60 

$94 . 00 
205 . 00 

$299.00 

$85 . 20 

202.50 

$287.70 

$79-60 
200.00 


$218.55   $279.60 


$37-00 
177-50 


$214 

-50 

$32 

60 

175 

00 

$207 

60 

$28 

40 

173 

25 

$201 

65 

$27 

30 

172 

50 

$'99 

80 

$26 

70 

172 

00 

$198 

70 

$74.00 

197-50 

5271.50 


195-50 


$260 

-70 

$56 . 80 

193 

25 

$250 

05 

$54 

60 

192 

50 

$247 

10 

$53 

40 

191 

75 

$245.15 
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As  in  the  case  of  motors,  there  is  comparatively  little  variation 
in  total  vestance  with  the  size  of  the  unit  or  the  load.  This  is 
one  of  the  immensely  valuable  characteristics  of  electrical 
machinery  that  it  is  so  well  adapted  to  meet  the  load  variations 
of  practice  with  remarkably  good  economy. 

102.  Internal  Combustion  Motors. — The  prices  of  gas 
engines  depend  on  whether  they  are  two  or  four  cycle,  Otto 
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Fig.  24. — Total  vestances  per  kv.a.  of  electric  generators  at  fractional  loads. 


cycle,  Diesel,  or  semi-Diesel,  as  well  as  on  the  design  and 
workmanship.  Some  engines  are  needlessly  elaborate,  others 
so  unsubstantially  built  that  they  are  made  to  sell  rather  than 
to  use.  The  two  stroke  engine,  except  for  the  Diesel  or  semi- 
Diesel  cycle,  is  not  of  practical  value,  and  no  data  thereon  are 
therefore  given. 

The  sizes  and  corresponding  prices  (19 12)  for  one  make  of 
a  well-designed  and  well-built  type  of  gas  engines  are  given  in 
table  54. 
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TABLE  54 
Stationary  Oil  Engines 

PRICES,  1910-12 
Heavy  Duty  —  Otto  cycle 


Horizontal 

Vertical 

No.  cy. 

Total 

Per  h.p. 

No.  cy. 

Total 

Per  h.p. 

2 
3 
4 
6 
8 

I 
I 
I 
I 
I 
I 
I 
I 

$180.00 
270.00 
360.00 
500 . 00 
630 . 00 
810.00 
1080.00 
1350.00 

$90.00 
90.00 
90.00 
83 -33 
78.75 
67.50 
60.00 
54.00 

I 

$180,00 

$90 . 00 

I 

I 

270.00 
360 . 00 

67  .  50 
60.00 

12 

18 

I 

7  20 . 00 

60.00 

25 
25 
32 
36 
40 
SO 

I 

2 

1080.00 
1350.00 

43.25 
54.00 

I 
2 

I 

I  or  2 

1660.00 
2160.00 
1980.00 
2520.00 

52.00 
60.00 
49  50 

50.40 

3 

1980.00 

55  00 

2 

I 

2160.00 
2520.00 

43  20 
50.40 

64 
75 
75 
80 
'    100 

2 

3240.00 

50.50 

3 

I 
I  or  2 

3260.00 
3870.00 
5000 . 00 

43.50 
51 .60 
50.00 

2 
2 

3870.00 
5000 . 00 

48.38 
50.00 

100 

4 

4320.00 

43  20 
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Fernold  and  Orrok  in  their  "  Engineering  of  Power  Plants  " 
give  the  cost  of  producer  gas  engines  as  follows: 

TABLE  55 

Producer  Gas  Engines 

PRICES,  1908-10 


Price  f.o.b.  Factory 

Size,  H.p. 

Total 

Per  h.p. 

20 

$1,000.00 

$50 . 00 

60 

2,800.00 

46 

67 

75 

3,610.00 

48 

10 

f  3,400.00 

42 

SO 

80 

I  3,250.00 

40 

70 

1  3,830.00 

47 

90 

8S 

1  4,150.00 

48 

90 

1  3 -500.00 

41 

80 

TOO 

4,925 .00 

49 

25 

f  4,950.00 

45 

00 

IIO 

I  4,960.00 

45 

10 

[  4,200.00 

37 

50 

130 

5,250.00 

40 

40 

135 

6,600.00 

48 

80 

160 

(  5.500.00 

35 

00 

\  6,100.00 

38 

10 

250 

6,650.00 

26 

60 

/  12,000.00 

30 

00 

\  12,800.00 

32 

00 

600 

17,400.00 

29 

00 

1000 

33,750.00 

33 

75 

2000 

64,850.00 

32 

43 

103.  The  prices  of  4  cycle  Diesel  engines  run  as  follows: 


TABLE  56 
Diesel  Engines,  Four  Cycle 
1910-12 


Rated 

Price  of  engine 

Price  per  h.p. 

60 

$4,620.00 

$77- 00 

90 

6,060.00 

67.00 

IIO 

7 ,000 . 00 

63  SO 

150 

9,000.00 

60.00 

200 

11,500.00 

57  SO 

250 

14,000.00 

56.00 

300 

16,500.00 

5500 

400 

2  1 ,  200  .  00 

52.80 

500 

25,800.00 

51.60 

750 

37,200.00 

49.60 

1000 

48,300.00 

48.30 
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The  prices  of  large  two-cycle  Diesel  engines   is  reported   as 
low  as  $35  per  h.p. 
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104.  In  Guldner's  "  Internal  Combustion  Motors  "  (D.  Van 
Nostrand  Co.)  are  given  very  extensive  data  on  gas  engines 
from  which  the  data  given  in  Table  57  on  illuminating  and 
suction  gas  producer  installations  are  quoted. 

105.  The  variation  of  thermal  efficiency  of  gas  and  oil  engines 
with  size,  of  good  modern  design  is  as  follows: 

TABLE  58 

Thermal  Efficiency 

gas  and  oil  engines 

H.p.  per  cylinder .  .    10        20        30        40        50        60        So       100      125      150 
Full  load  efficiency, 
percent 20.8    21.8    22.5    22.9    23.2    23,5    24.0    24.3    24.6    24.9 

H.p.  per  cylinder 200       300       400       500       600       800      1000 

Full  load  efficiency,  per  cent 25.3     26.0     26.4     26.7     27.0     27.5     27.8 

These  values  correspond  to  the  equation: 

y  =  17-3  +  3-5  logM, (74) 

where 

y  =  per  cent  efficiency, 
and 

M  =  the  h.p.  per  cylinder. 

The  efficiency  of  a  two  cylinder  engine  is  no  better  than  a 
single  cylinder  engine  of  half  its  size,  though  its  regulation  is 
usually  better. 

106.  At  fractional  loads,  the  following  per  cents  of  full  load 
efficiency  are  obtained: 

TABLE  59 

Per  Cent  of  Full  Load  Efficiency  of  Gas  and  Oil  Engines 

AT  Fractional  Loads 

Per  cent  of  full  load 100    90    80     70    60    50    40    30     20     10    o 

Per  cent  of  full  load  efficiency. . .    100    99     96     91     84     75     64     51     36     19    o 
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These  values  correspond  to  the  equation 

jj,  =  F{2  -  F),      .     . 


(75) 


where 


and 


jp  =  per  cent  of  full  load  efficiency, 


F  =  per  cent  of  full  load  expressed  as  a  fraction. 
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Fig.  28. — Full  load  efficiency  of  gas  and  oil  engines. 

The  attendance  cost  {A)  per  br.h.p.h.  is 


A 


0^005 


(76) 


where  (A)  is  expressed  as  usual  in  dollars. 

The  amount  of  lubricating  oil  used  is  usually  0.005  to  0.007 
pints  per  br.  h  p.h. 

The  maintenance  of  gas  and  oil  engines  is  usually  expressed 
as  between  2%  and  3%  of  the  first  cost  of  the  engine.     This  is 
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not  good  practice  because  the  first  cost  of  a  certain  engine  in 
use  is  a  constant,  while  the  cost  of  maintenance  varies  with 
the  price  of  wages,  or,  if  you  please,  with  the  value  of  the  dollar. 
This  method  could  be  used  provided  that  the  first  cost  is  first 
multiplied  by  the  relative  value  of  the  dollar  (indexed)  before 
the  2%  or  3%  is  taken.  Otherwise,  it  would  usually  be  too  low, 
the  error  greatly  increasing  with  time. 
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Fig.  29. — Full  load  efficiency  of  Diesel  engines. 


107.  The  variation  of  full  load  efficiency  of  Diesel  engines 
with  size  is  as  follows: 

TABLE  60 

Full  Load  Efficiency  of  Diesel  Engines 

H.p.  per  cylinder 10         15         20         25         30         35       40         50 

Full  load  efficiency,  per  cent .    24.0     26.3     27.7     28.5     29.1     29.5     29.8     30.2 

H.p.  per  cylinder 60         70        80        100       125       150       200 

Full  load  efficiency,  per  cent 30.5     30.7     30.9     31.  i     31.2     31.3     31.4 

These  correspond  to  the  equation 


./^\ 


-— -  tan"  'I  —  I. 
2.82  \4-2/ 


(77) 
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At  fraction  loads,  the  per  cent  of  full  load  efficiency  obtained 
is: 

TABLE  6i 

Per  Cent  of  Full  Load  Efficiency  of  Diesel  Engines  at  Fractional 

Loads 

Per  cent  of  full  load loo     90     80     70     60     50     40     30     20     10 

Per  cent  of  full  load 100     99     97     93     88     82     74     65     54     42 

The  equation  for  these  values  is 

y  =  100  —  72(100  —  Fy        .     .     .       (78) 

All  the  above  data  are  based  on  the  guarantees  of  manufac- 
turers and  upon  a  careful  study  of  the  most  reliable  tests 
reported.  The  accuracy  should  be  better  than  can  be  obtained 
from  any  single  test. 

108.  Oil  Engines. — We  give  in  Table  62  the  vestances  per 
h.p.  of  oil  engines  per  normal  year  of  3000  hours,  at  5%  interest 
rate.  These  are  also  based  on  a  fuel  cost  of  0.5 11  cent  per 
pound  of  oil  having  a  heat  value  of  18,600  B.t.u.  per  pound. 
This  is  equivalent  to  a  heat  value  of  7.3  h.p.h.  per  pound 
and  a  cost  of  heat  energy  of  0.07  cent  per  h.p.h.  The  life 
of  the  engines  is  taken  as  15  years,  although  this  is  usually 
exceeded. 
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TABLE  62 
Vestances  per  H.p.  of  Oil  Engines 


Size, 
H.p. 


Type 


I  cy.  horiz. 


I  cy.  vert. 


I  cy.  horiz. 


I  cy.  horiz. 


I  cy.  vert. 


I  cy.  horiz. 


I  cy.  vert. 


I  cy.  horiz. 


I  cy.  horiz. 


I  cy.  vert. 


I  cy.  horiz. 


Loads 


Vd 

v.. 

Vt. 

Va. 

Vt. 


pi  74- 00 
440 . 00 


. $014.00 

.$174.00 
.   440 . 00 


Vd 

Va. 

Vt.. 


. $614.00 

.$174.00 
■    394  50 


Vd 

Va. 

Vt. 
Vd 

Va. 

Vt.. 


$568.50 

. $1 74 . 00 
.   367.00 


.$130.50 
.   367.00 


$231.50 

485 ■ 00 

S716.50 

5231.50 
485 ■ 00 
$716.50 


!tf231.50 

437  00 
$668.50 

S231.50 
405 . 00 


Vd 

Va. 

Vt. 
Vd 

Va. 

Vt.. 


.$497.50 

.$161 .00 
332  00 


$636.50 

$184.50 
405 . 00 


Vd 

Va. 

Vt. 
Vd 

Va. 

Vt. 
Vd 

Va. 

Vt. 


Vd 

Va. 

Vt. 


$493 

00 

.$116 

00 

332 

00 

$448 

00 

.$151 

00 

312 

00 

$463 

00 

$130 

50 

287 

00 

$417 

50 

$116 

00 

287 

00 

$403 

00 

$116 

00 

265 

50 

$381 

50 

$589.50 

$215.00 
367.00 


$154.50 
367  00 

$521.50 


5)1202.50 
342.00 

$544-50 

$184.50 
314  00 

I498 . 50 

$154.50 
314.00 

50 


$154.50 
289 . 50 

$444 . 00 


$348.00 

607 . 00 

$955- 00 

$348.00 

607.00 

$955.00 


.00 
540 . 00 


$248.00 

500 . 00 

$748.00 

$261 .00 
500 . 00 


25% 


.00 
948 . 00 


1644.00 


$1546.00 


.00 
794 ■ 00 


$761 

.00 

$322 

.00 

453 

.00 

$775 

00 

$232 

00 

453 

00 

$685 

00 

$302 

00 

425 

00 

$727 

00 

$261 

00 

389 

00 

$650 

00 

$232 

00 

389 

00 

$621 

00 

$232 

00 

360. 

00 

$1490.00 

$522.00 

794.00 

$1316.00 


.00 
723.00 
$1367.00 


.00 
723  00 
51187.00 


00 
679.00 
51283.00 


$522.00 

628.00 

$11 50. 00 

$464 . 00 

628.00 

JI092.00 

$464 . 00 

584.00 


)2.00        $1048.00 


178 


BASIC   COSTS  AND   VESTANCES 


TABLE  62 — Continue 


Size, 
H.p. 


18 


25 


25 


32 


36 


36 


40 


40 


50 


SO 


50 


64 


Loads 


Type 


1  cy.  horiz. 


2  cy.  vert. 


I  cy.  vert. 


I  cy.  horiz. 


2  cy.  horiz. 


3  cy.  vert. 


I  cy.  lioriz. 


I  cv.  horiz. 


2  cv.  horiz. 


I  cy.  vert. 


2  cy.  vert. 


cy.  horiz. 


100% 


Vd $102.50 

Va 249 . 00 

Vt $351-50 

Vd $102. 

Va 259.00 

r* $361-50 

$83.50 

.  . .    249 . 00 


Vd  .  .  . 

Va 

Vt $332-50 


Vd $100.00 

Va 239,00 


Vt v5339  0o 

Vd $116.00 

Va 245 . 00 


Vt $361  00 

Vd  ...... .$106.00 

Va 250.00 


Vt $356.00 


75% 


1.139.00 
272.00 


5139.00 
282.00 


$421 .00 

$111 .00 
272.00 


$383.00 

$134.00 
260 . 00 


$394 • 00 

$154-50 
265,50 


$420.00 

$141.50 
271.50 


$127.00 
250.50 

$377-50 

$130.00 

242.50 

$372.50 


pi  30. 00 
251 ,00 


5130.00 
242 ■ 50 
5372.50 

Jiii .00 
251 .00 


5130.50 
242  50 

5373-00 


So% 


$205.00 
336.00 

$541-00 


$205 .00 
349  00 


$167.00 
336  00 

$503  -  00 


;t>200.00 

323-00 

$523-00 

$232.00 
330.50 


5.212.00 

337  50 

$549-50 


^igi .00 

312.00 

$503.00 

$195.00 
302 .00 


$497.00 

$195,00 

322,00 

$517.00 

$195.00 

302.00 

$497.00 

$167.00 
3  2  2 . 00 


$195-50 
301 .00 

$496.50 


5410.00 
549-00 


5410,00 
571.00 


«34  ■  00 
549.00 


$400 . 00 

529  00 

$929.00 

$464 . 00 
544  00 

$1008.00 


!i)424,oo 

555  00 

$979.00 


55382.00 

51300 

$895.00 

$390.00 
495 -00 

$885 . 00 

$390 . 00 

514-00 

$904 . 00 

$390.00 
495  -  00 


$334-00 
5H-00 

$848.00 

$391.00 
408.00 
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Size, 

Type 

Loads 

H.p. 

100% 

75% 

So% 

25% 

75 
75 

80 

1  cy.  vert. 

3  cy.  vert. 

2  cy.  horiz. 
2  cy.  horiz. 

1  cy.  vert. 

2  C3^  vert. 

4  cy.  vert. 

Vd $99  50 

Va 210.50 

Vt $310.00 

Vd $84.00 

Va 223.50 

Vt $307-50 

Vd $93-50 

Va 217.00 

$133.00 

228.00 

$361.00 

$1 1  2 . 00 

242.00 

$354-00 

S134.OO 

231-50 

S365 ■ 50 

$128.50 
224.00 

$199.00 
284.00 

$483-00 

$168.00 

301 .00 

$469 . 00 

$186.50 
292.50 

$479- 00 

$193  00 

283.50 

$476.50 

$193.00 

273-00 

S466.00 

S193.00 

283 . 50 

$476.50 

$167.00 

294-50 

$461.50 

$398-00 

469.00 

$867.00 
$336.00 

499.00 
$835 . 00 

$373-00 

482.00 

So 

Vt $310.50 

Vd $96-50 

Va 2 1 1 . 00 

$855.00 
$386.00 

470.00 

100 

Vi S307-50 

Vd S96  -  50 

Va 203.00 

S352-5O 

$128,50 
215.00 

$856.00 

$386.00 
453-00 

100 

Vi S299.50 

Vd S96-50 

Va 211.00 

$343  -  50 

$128.50 
224.00 

$839 . 00 
$386.00 

470.00 

100 

Vt $307-50 

Vd $83-50 

Va 219.00 

S352-50 

Sin. 00 

232.00 

$343  00 

$856.00 

$334  -  00 
490.00 

Vt $302 .  50 

$824.00 

180 

$1700 
1500 

1300 

o 

1 1100 


%   900 


700 


500 
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Fig.  30. — Total  vestances  per  h.p.  of  horizontal  oil  engines. 


An  inspection  of  the  curve  of  total  vestance  at  full  load  shows 
that  the  prices  of  the  36  h.p.  engines  are  considerably  too  high, 
while  that  of  the  2  cylinder  25  h.p.  engine  is  also  high.  With 
these  exceptions,  the  prices  are  remarkably  consistent,  with  the 
prices  of  the  vertical  engines  running  continually  below  those  of 
the  horizontal  engines.  Down  to  30  h.p.  the  increase  in  total 
vestance  is  not  great,  showing  good  adaptability  for  small  isolated 
plants. 

109.  Diesel  Engines. — For  comparison  with  other  prime 
movers  we  give  below  the  vestances  of  Diesel  engines  based 
on  a  normal  year  of  3000  hours,  interest  at  5%,  fuel  oil  at  0.05 
cent  per  h.p.h.,  and  life  of  the  engines  15  years.  Attendance 
costs  are  included. 
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TABLE  63 
Vestances  per  H.p.  of  Diesel  Engines 

4  CYCLE 


Size, 
H.p. 


60 


90 


150 


300 


500 


75° 


Loads 


Vd $148.50 

Va 137-50 


Vt $286.00 

Vd $129.50 

Va 129.50 

Vt $259,00 

Vd $123.00 

Va 126.00 


Vt $249.00 

Vd ,.  .$116.00 

Va 121 .00 


Vt $237.00 


Vd 

Va. 

Vt.. 


fill .00 
1 1 7 . 00 


Vd $106 .  00 

Va 113.00 


Vt $219.00 


Vd 

Va. 


$99 ■ 50 

107.50 


Vt $207.00 

Vd $96 .  00 

Va 105  00 

Vi $201 .00 

Vd $93  00 

Va 103.00 

Vt $196.00 


!|5i9o.oo 

149.00 

$347.00 


5173.00 
138.00 


$164.00 
136.00 


P155.00 
■130.00 

5285.00 


H40.00 
125.00 
5273.00 

5141 .00 
120.00 


5261 .00 


$13200 

11500 

$247.00 


512s. 00 
I II . 00 
5239.00 

5124.00 
108.00 
5232.00 


5297.00 
175.00 


55259.00 

I 64 . 00 

$423.00 


.00 

158.00 


!!i)232  .00 

15200 

$384-00 


5222.00 
146.00 


5212.00 
140.00 


$199.00 

134-00 

$333  00 


5192.00 
130.00 
5322.00 

5i86.oo 
1 2  7 . 00 
5313.00 


25% 


.00 
246 . 00 


55 1 8 .  00 

224.00 


I1492.OO 

222.00 

$714.00 


00 
209 . 00 

673.00 


.00 

202.00 
.00 

$424.00 
193-00 

$617.00 


00 

1 85 . 00 


00 
1 79 . 00 
.00 


$372.00 

175-00 

$547.00 
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110.  Comparison  of  Power  Units. — By  power  units  we 
mean,  primarily,  such  units  as  steam  engines,  turbines,  inter- 
nal combustion  motors,  and  electric  motors.  In  the  foregoing, 
we  have  determined  the  vestances  of  these  units  based  on  a 
normal  year  of  3000  hours,  constant  load,  and  5%  interest. 
The  fuel  costs  assumed  were  coal  at  $2  per  ton  with  a  fuel 
value  of  13,743  B.t.u.  or  5.4  h.p.h.  per  lb.  Allowing  for  boiler 
service,  we  assumed  a  cost  of  $0,005  per  h.p.h.  of  energy  delivered 
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Fig.  31.— Total  vestances  per  h.p.  of  Diesel  engines  at  fractional  loads. 


to  the  engine.  In  comparison  with  this  we  assumed  for  oil 
engines,  oil  at  0.5 ii  cent  per  pound,  and  allowing  320  lbs. 
per  barrel,  this  would  amount  to  $1,635  per  barrel,  or  0.07 
cent  per  h.p.h.  For  Diesel  engines  we  assumed  the  cost  of  the 
heat  energy  at  0.05  cent  per  h.p.h.  corresponding  to  a  cost  of 
$1,168  per  barrel.  And  finally  for  motors  we  assumed  a  cost 
of  one  cent  per  h.p.h.  At  15  cents  per  gallon  for  gasoline, 
energy  would  cost  0.2675  cent  per  h.p.h.  For  clearness  we 
tabulate  these  as  follows: 
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TABLE  64 
Cost  of  Exergy  per  H.p.h.  Assumed 

T^  Cost  of  Energy  per 

Unit  H.p.h.  in  Cents 

Induction  motor i .  0000 

Gasoline  engine 0.2675 

Oil  engine o .  0700 

Diesel  engine o .  05 

Steam  engine o .  005 

With  these  assumed  costs  clearly  in  view,  for  they  vary 
greatly  with  different  localities,  we  found  comparisons  as 
follows : 

At  full  load,  the  Diesel  engine  has  the  best  economy,  with 
the  oil  engine  second,  the  compound  condensing  steam  engine 
third,  the  simple  low  speed  noncondensing  steam  engine  fourth, 
the  simple  high  speed  noncondensing  steam  engine  fifth,  the 
electric  motor  sixth  and  the  gasolene  engine  seventh. 

Below  30  h.p.  the  electric  motor  is  far  superior  in  economy  to 
the  simple  high  speed  steam  engine,  and  no  doubt  the  other  types 
of  steam  engines  as  well,  but  it  is  itself  far  inferior  to  the  oil 
engine,  somewhat  inferior  to  the  distillate  engine  at  7I  cents 
per  gallon  for  the  distillate,  and  far  superior  to  the  gasoline 
engine.  The  sharp  bending  of  the  curve  (Fig.  32)  of  the  Diesel 
to  the  horizontal  for  small  sizes  would  lead  one  to  expect  the 
oil  engine  to  be  superior  to  the  Diesel  below  40  h.p. 

111.  We  give  in  table  65  the  total  vestances  of  these  units 
for  both  full  and  fractional  loads,  together  with  the  valuance 
based  on  unity  for  that  machine  which  has  the  best  economy, 
so  as  to  show  clearly  their  comparative  values.  Where  the 
values  are  not  given  in  the  tables  they  have  been  interpolated 
from  the  curves.  In  the  table,  Vt  is  the  total  vestance  and  U, 
the  comparative  value. 
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TABLE  6s 

Total  Vestances  and  Comparative  Value  of  Power  Units 


Stze, 
H.p. 


250 


50 


25 


Unit 


Diesel  engine 

Comp.  steam  engine.  .  . 
S.  L.  S.  steam  engine .  . 
S.  H.  S.  steam  engine.  . 

Diesel  engine 

Oil  engine 

Comp.  steam  engine.  .  . 
S.  L.  S.  steam  engine.  . 
S.  H.  S.  steam  engine.  . 

Diesel  engine 

Oil  engine 

S.  H.  S.  steam  engine. . 
Electric  motor 


Oil  engine 

Ciasoline  engine 

S.  H.  S.  steam  engine.  . 
Electric  motor 


Loads  Per  Cent  of  Full  Loads 


Vt      U 


307 
402 
448 


345 
442 

499 


556 
694 


695 

704 


1 .00 
0.76 
0.69 


00 

78 

0.69 


1 .00 
0.80 


1 .00 
0.99 


Vt      U 


223 
300 
386 
426 

254 
300 

339 

429 

474 

300 
321 
530 
676 

332 
864 
660 
686 


1. 00 
0.74 
0.58 
0.52 

1 .00 
0.85 
0-75 
0-59 
0-54 

1 .00 
0.94 

57 
44 

00 

38 

0.50 

0.48 


Vt     U 


267 
315 
396 
434 

306 

345 
361 

443 

485 

365 
373 
545 
680 

383 
960 
682 
690 


1. 00 
0.85 
0.67 
0.62 

1 .00 
0.89 
0.85 
0.69 
0.63 

1 .00 
0.98 
0.67 
0.54 

1 .00 
0.40 
0.56 
0.55 


360 

353 
440 

474 

414 
466 
412 
496 
532 

510 

497 
603 

708 

503 
1212 

757 
721 


0.98 


0.80 
0-75 

0.99 
0.90 
1 .00 
0.83 

0.77 


0.42 
0.66 
o.  70 


Vt       U 


631 

•457 

543 

560 

728 
839 
544 
609 

637 

910 

885 
732 
78s 

883 

2089 

936 

804 


0.72 
1 .00 
0.84 
0.82 

0.76 
0.66 
1 .00, 
0.91 
0.87 

0.80 
0.S3 
1 .00 
0-93 

0.91 
0.38 
0.86 


(iJUU 

Ga 

solin 

!Ens 

7- 
•ine 

800 

1 

700 

V 

■A 

Elec 

trie 

totor 

GOO 

\ 

\ 

s. 

500 

s, 

\ 



.S. 

H.R. 

lOILC 

Qon  < 

\ 

s 

■ 

■ 

S, 

& 

■ —           ^1 

400 

otidenslnff 

\ 

^ 

-^ 

Oil  I 

ngin 

e 



C 

jnopo 

und  r 

•S.  S 

;eam 

JOU 

^^ 

■^ 

_ 

DipKf 

1-Rn 

tnn 

100    125    150    175    200    225    259 
H.  P. 


25     50     75 
Fig.  32. — Total  vestances  of  power  units  at  full  load 


COMPARISON  OF  POWER   UNITS  185 

It  is  evident  from  table  65  that  at  full  load  the  Diesel 
engine  leads  in  economy  by  a  wide  margin,  with  the  oil  engine 
second  and  the  compound  steam  engine  third.  For  sizes  over 
50  h.p.,  the  oil. engine  is  worth  only  85%  as  much  as  a  Diesel 
and  the  compound  steam  engine  about  75%.  In  other  words, 
taking  the  cost  of  service  of  the  Diesel  as  unity,  then  that  of  the 
oil  engine  is  1.15,  i.e.,  15%,  greater  and  the  cost  of  service  with 
compound  condensing  engines  is  1.33  or  t,t^%  greater. 

At  75%  load  the  Diesel  still  leads  but  at  50  h.p.  the  oil  engine 
has  practically  become  equal  to  it.  Diesel  engines  are  seldom 
built  below  this  size,  though  a  few  have  been  made  as  small 
as  8  h.p.  It  is  certainly  remarkable  how  well  the  designers  of 
engines  have  chosen  the  inferior  limit  of  the  sizes  of  their  various 
types. 

At  50%  loa:d,  the  Diesel  and  compound  engines  have  reached 
equality  in  sizes  of  100  h.p.  and  over,  with  the  oil  engine  third. 
But  below  50  h.p.  the  oil  engine  is  best. 

At  25%  load,  the  compound  steam  engine  leads  by  a  wide 
margin  above  100  h.p.  At  50  h.p.  the  simple  high  speed  steam 
engine  is  best,  with  the  electric  motor  second,  while  below  25 
h.p.  the  electric  motor  leads  with  the  oil  engine  second,  based, 
however,  on  costs  of  energy  as  given. 

In  all  this  the  steam  engines  have  the  peculiar  advantage 
that  they  can  carry  with  comparatively  good  economy  25% 
overload.  The  range  of  loads  of  these  engines  is  therefore  25% 
greater  than  that  of  internal  combustion  motors.  The  advan- 
tages of  this  greater  range  of  load  will  be  shown  later. 

The  gasoline  engine  is  inferior  to  the  electric  motor  at  all 
loads  on  the  basis  chosen.  But  if,  for  example,  2  cents  per 
h.p.  is  paid  for  electric  power  as  compared  to  15  cents  per 
gallon  for  gasoline,  then  conditions  would  be  reversed. 

In  the  face  of  the  great  superiority  of  the  Diesel  engines,  it 
seems  remarkable  that  they  are  not  more  generally  used. 
There  are  two  reasons  for  this:  first,  the  general  resistance  of 
engineers  to  anything  that  is  new  to  them;  and  second,  the  fact 
that  there  are  many  cases  where  the  undertakings  are  under- 
financed, so  that  they  are  unable  to  put  in  the  most  economical 
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installations.  Above  all  this  looms  the  element  of  uncer- 
tainty, so  that  there  is  a  lack  of  incentive  to  build  for  permanency. 

112.  It  must  be  borne  in  mind  that,  primarily,  the  prices 
of  all  commodities  are  based  upon  the  cost  of  production  of 
these  commodities.  If  a  system  is  so  installed  that  it  does  not 
render  the  service  at  best  economy,  then  labor  is  being  wasted. 
If  the  installation  is  too  cheap  in  design  and  construction,  then 
labor  is  wasted  in  operation.  If,  on  the  other  hand,  the  instal- 
lation is  too  expensive,  then  labor  has  been  wasted  in  producing 
a  system  more  refined  and  efficient  than  the  amount  and  nature 
of  the  service  warrants.  Waste  of  brains,  skill  or  labor  is  a  dead 
loss;  a  waste  that  no  community,  whether  state  or  nation,  can 
afiford.  In  the  face  of  international  competition,  such  a  waste 
leads  with  certainty  to  national  impoverishment.  It  is  a  mark 
of  incompetence. 

In  the  calculations  of  this  chapter  on  motors,  we  have  assumed 
a  cost  of  I  cent  per  h.p.h.  This  is,  as  we  have  pointed  out,  far 
lower  than  can  be  obtained  in  practice.  In  order  to  indicate 
what  may  actually  be  expected  we  publish  the  actual  rates 
in  Oregon  for  19 19,  as  announced  by  the  public  service  com- 
mission. 

These  are  as  follows: 

TABLE  66 
Primary  Rate 

First       500  kw.h.  per  mo.  at  5    cents  per  kw.h. 

Next  500  "  "  "  "4  "  "  " 
"  4,000  "  "  "  "3  "  "  " 
"     10,000     "        "     "     "  2       "       "      " 

All  excess         "       "     "     "  ih     "      "      " 

Secondary  Rate 

First      4,000  kw.h.  per  mo.  at  13  cents  per  kw.h. 
Next  100,000     "         "    "     "  i.o    "       "      " 
Excess  kw.h.       "         "    "     "0.8    "       "      " 

Assuming  a  load  factor  of  40%,  i.e.,  assuming  that  the 
motors  run  at  full  load  40%  of  the  time  on  the  basis  of  a  24- 
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hour  day  and  arc  idle  60%  of  the  time,  and  also  allowing  for 
the  unavoidable  motor  losses,  these  rates  are,  for  various  sized 
motors,  as  follows: 


Size  of  motors 


TABLE  67 


Corresponding  mean  rate 
at  40%  load  factor 


Up  to  I J  h.p 5 

if  to  3  h.p 4h 

3  to  17.5  h.p 3.3 

17.5  to  52,5  h.p 2.433 

52 . 5  to  105  h.p 2 . 004 


cents  per  h 


p.  of  motor 


To  determine  the  total  vestance  of  a  motor  under  such  a 
rate,  multiply  the  operating  vestance  by  the  rate  for  the  sized 
motor  under  consideration  and  add  thereto  the  depreciation 
vestance. 

For  example  in  Table  52  we  gave  for  a  one  h.p.  motor  at  full 
load: 

Depreciation  vestance $  56. 80 

Operating  vestance 767 .  oo 

Total  vestance $823 .  80 

The  operating  vestance  was  based  on  i  cent  per  h.p.h.  Accord- 
ing to  the  above  rate  this  should  be  5  cents.  For  this  rate,  the 
operating  vestance  would  be 

767  X  5  =  $3835, 

giving  a  total  vestance  of 


3835  +  56.80  =  $3891.80, 


instead  of  only  $823.80.     This  would  not  compare  well  with 
engines  of  any  type. 
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We  give  in  table  68  the  vestances  of  induction  motors 
at  full  load  with  the  rates  as  per  the  table  above,  other  things 
as  in  the  previous  table  on  induction  motors. 


TABLE  68 

Vestances  per  H.p.  of  Induction  Motors  at  Full  Load  and  40%  Load 

Factor 

AS  PER  THE  1919  Oregon  rate 


Vestances 

Size  of  Motor, 

H.p. 

Depreciation 

Operating 

Total 

I 

$56.80 

^835.  00 

$3891.80 

2 

35-55 

3276.00 

3311 

55 

3 

26.95 

2353-00 

2379 

95 

5 

19.80 

2310.00 

2329 

80 

7l 

25.60 

2273.70 

2298 

30 

10 

22.75 

2257.20 

2279 

95 

15 

18.20 

2234.10 

2252 

30 

20 

16.  70 

1640.10 

1656 

80 

25 

1450 

1632.80 

1647 

30 

30 

14 -45 

1627.90 

1642 

35 

40 

12.43 

1623.00 

1635 

43 

50 

11-37 

1618. 20 

1629 

57 

75 

9.76 

1326.00 

1335 

76 

PRICES   OF   STANDARD    PIPE 


189 


113.  In   table  69   are  given  prices  of  various  sized  pipe  as  of 
19 1 2,  inasmuch  as  we  shall  have  use  of  such  data  hereafter. 


TABLE  69 

Standard  Pipe 

price  (191 2)  per  100  feet,  random  lengths 


Size, 

Standard 

Extra  Strong 

Double  Extra  Strong 

Inches 

Black 

Galv. 

P.E. 

C.  &T. 

Plain  ends 

Threads 

Flange 

1 

8 

1 

I1-95 
I  95 
I  95 
2-75 
3.20 

4-55 
6.25 

7-50 
9-55 
15-75 
20.  70 
28.15 
32.00 
40.00 
44.60 
57-80 
80.00 

85-25 
116.00 
1 20 . 00 
153-00 
153-00 

$5-25 
5-25 
5-25 
5-25 
5-50 
8.10 
II  .00 
13.20 

17-75 
29.15 

37-75 

51-40 

58.00 

99-40 

110.00 

148.00 

240.00 

271 .00 

S5-50 

5-50 

5 -SO 

5-50 

5.80 

8.50 

II  .60 

13-90 

18.65 

30.60 

39  65 

54.00 

60.90 

$2 
2 

3 
4 
6 
8 
10 

13 
22 

29 
3S 
44 
54 
60 

78 
153 
163 
221 
227 
292 
292 

75 
75 
85 
45 
36 
70 
40 
50 
20 
10 
75 
05 
50 
80 
80 
00 
00 
00 
00 
00 
00 

$18.00 

20.00 

25-00 

35-00 

45.00 

60.00 

90.00 

125.00 

165.00 

190.00 

3 

I 

$0.06 

2 
2\ 

3 

3i 

4 

4§ 

5 

6 

7 

0.08 
0. 10 

0-15 
0.  20 
0.25 
0-3S 
0-5S 
0-55 
0.70 
0.85 
1 .00 

$0.90 
1.20 

I -35 
1.50 
1.80 

260.00 
360 . 00 

2.20 
2.40 
3-45 
3-90 
4-95 
5-55 

8 

9 

10 

394  -  00 

1-50 

II 

12 

466 . 00 

2-50 

7-50 
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TABLE  70 

Standard  Casing 

price  (191 2)  per  100  feet,  random  lengths 


O.D. 

I.D. 

Wt.  per  ft. 

Casing 

Cut 

Thread 

Flange 

lb. 

-ji" 
22 

2\" 

2.82 

$12 .90 

0.10 

015 

1-35 

3 

2f 

3 

45 

15 

57 

O.IO 

0.20 

1.42 

3i 

3i- 

4 

4S 

18 

72 

015 

0.25 

1.80 

4 

3! 

5 

56 

22 

68 

0.  20 

0-3S 

2.16 

a\ 

4i 

6 

36 

2S 

25 

0.25 

0-55 

2.30 

5 

4l 

7 

80 

31 

59 

0.30 

0.60 

2.50 

6 

Si 

10 

46 

37 

00 

0-35 

0.70 

3.10 

7 

6f 

12 

34 

47 

54 

0.45 

0.85 

4.  60 

8 

7f 

IS 

41 

S8 

25 

0.50 

1 .00 

5-25 

10 

9l 

21 

90 

84 

75 

0.7s 

1-50 

6.90 

12 

III 

30 

3S 

131 

00 

1-25 

2.50 

9.00 

$200 

a 

o  160 


120 


80 
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/ 

I^Std 

,  Iro 

.Pip 

A 

/ 

y 

/ 

/' 

^td 

Cas 

ne 

^ 

y 

y 

^ 

y 

^^ 

1 ■ 

y 

^ 

y 

^ 

■<:v 

Jooi. 

Pipe 

^ 

y 

-^ 

, 

"^ 

^^__ 

^ 

€^ 

.^^ 

— ' 

8  LO  12 

Uia.  of  Pipe,  Inches 


11 


16 


18 


20 


Fig.  2)Z- — Prices  of  pipe. 
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TABLE  71 

Wood  Pipe 
(1912) 


PRICE  PER 

100  FEET 

FOR  HEADS    OF 

so' 

100' 

150' 

200' 

250' 

300' 

350' 

400' 

2" 

S?9-75 

$10.00 

$10.28 

$11  .  II 

Si I .95 

Si  2. 75 

S14.45 

S16.40 

3 

II 

95 

12.50 

12 

75 

13 

.i5 

13 

90 

14 

75 

17 

22 

18 

90 

4 

14 

45 

15.00 

15 

28 

18 

60 

19 

45 

21 

II 

23 

33 

25 

55 

6 

18 

33 

21  .40 

23 

33 

25 

28 

27 

50 

30 

00 

32 

33 

33 

33 

8 

22 

50 

27.78 

31 

40 

35 

55 

38 

60 

41 

40 

44 

45 

51 

67 

10 

29 

72 

35  83 

40 

83 

46 

95 

50 

85 

55 

83 

59 

17 

68 

33 

12 

33 

61 

43.06 

50 

55 

56 

II 

63 

06 

70 

00 

81 

40 

90 

00 

14 

44 

00 

60.00 

16 

56 

00 

67.00 

18 

72.00 

87.00 

102.00 

20 

24 

83 

00 
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TABLE  72 
W.  I.  Pipe  Friction 

FEET  PER  I 00  FEET  OF  PIPE 


G.P.M. 


5 
10 

15 

20 

25 

30 

40 

50 

70 

100 

120 

150 

175 

200 

250 

300 

350 

400 

500 

750 

1000 

1250 

1500 

2000 

2500 

3000 

3500 

4000 

4500 

5000 


Size  of  Pipe  in  Inches  of  Diameter 


30 

45 

64 

log 


17 


19 
39 
83 
03 
49 
50 
81 

30 


17 
34 
43 
61 

02 
56 
42 
80 
80 
,82 
82 


Harding  &  Willard:  *  \Mien  slightly  rough  add  15%. 
When  very  rough  add  30%. 
V  *  John  Wiley  &  Sons,  Inc. 
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For  large  sized  pipe  the  following  data  are  given  at  Chicago, 
including  the  cost  of  laying  but  less  haulage. 

TABLE  73 

Wood  Stave  Pipe 

cost  (191 2)  per  foot 


Size, 
Inches,  Diam. 


Head  in  Feet 


12 

$0.42 

80.49 

So.  63 

$0.85 

18 

0.69 

0.80 

1 .02 

1 .46 

24 

0.79 

0  91 

1. 14 

1. 61 

30 

0.96 

1 .  12 

1.44 

2.06 

36 

1. 19 

1 .40 

1.82 

2.65 

42 

1 .40 

1.68 

2.23 

3-33 

48 

1-55 

1.85 

2.46 

3.67 

54 

2.23 

2.62 

3-43 

5.02 

60 

2. 85 

3-35 

4-37 

6.40 

66 

3.21 

3.8r 

5.00 

7.38 

72 

3.65 

4.38 

5.83 

8.73 

Wood  pipe  has  made  good  in  practice  and  has  come  into 
very  general  use.  The  friction  of  unplaned  wood  pipe  is  about 
equal  to  riveted  steel  pipe,  but  that  of  planed  wood  pipe  is 
given  at  only  60%  to  80%  of  that  of  riveted  steel  pipe. 


TABLE  74 
Riveted  Steel  Pipe 

COST    (191 2)    per  FOOT 


Size, 
Inches,  Diam. 

Gage  Thickness 

14 

12 

10 

8 

6 

1 

A 

1 

12 

$0.32 

$0.38 
0.57 

$0.44 
0.65 
0.85 

18 

So.  78 
1.04 

1.27 

1-55 
1. 61 

$0.98 

1.28 

1-59 
1-93 
2.18 
2.48 
2.80 

24 
30 
36 
42 
48 

54 
60 

Si -55 
1-93 
2.30 
2.66 
3°3 
3  41 
3-79 
4.35 
4-52 

$1.99 
2.46 
2.92 
3-37 
3.83 
4.29 

4-75 

5-21 

5.66 

S3. 04 
3.58 
4.12 
4.66 

5-21 

5-74 
6.29 
6.83 

66 

72 
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TABLE  75 
Table  of  Pipe  Friction 
for  large  riveted  steel  pipe  in  feet  per  loo  feet  of  pipe 


Size  of  Pipe  in  Inches  of  Diameter 

12 

18 

24 

30 

36 

42 

48 

54 

60 

66 

72 

5 

lO 

1.6 

4.8 

0-3 

I.O 

1.8 

3-2 

0.3 

o-S 
0.8 

1-9 

0. 1 
0.  2 
0-3 
o-S 
1-4 

IS 

20 

0.06 
0.  2 
0.3   - 
0.7 

0.05 
0.17 
0.4 
1.0 

3° 
so 

lOO 

0. 1 

0.16 

0.56 

0.08 
0.30 
1. 00 

0.  2 
0.66 

0.  I 

0.47 

0.84 

0.07 
0.29 
0.59 

200 

300 

TABLE  76 
Vestances  of  Standard  Iron  Pipe  per  100  Ft. 


Size, 
Inches 

DiA. 


Velocity,  Ft.  per  Second 


Va. 


Vt. 


Va- 


Vd. 
Va. 

Vf. 


S3.  SI 
0.04 


Vd- 

Va. 


$3-55 

$4.99 
0.05 


Vd 

Va. 
Vt. 


$5.04 

$8.23 
0.06 

$8.29 


$3  01 
o.  19 


53- SI 
o.  26 


$3-77 

$4.99 
0-39 

$5  38 

$8.23 
0.40 

$8.63 


$2 


3 
$11 


$2.14 
II  .46 


513.60 

$2.14 
15  40 


23 


5I7-S4 


*3.oi 
19.30 


522.31 


$3-51 
27.30 


$30.81 

$4-99 
31.00 


*35 ■ 99 

$8.23 
44.60 

$S2.83 


93 


$95 

$2 
106 


$108 


144 


5147 


232 


$237 


3SI 


74 


14 


53 


$359- 23 


*2.I4 

660.00 

K662. 14 

$2.14 
810.00 

$812.14 

$3  01 
965.00 


^3-51 
1,340.00 

5i,343-5i 

$4-99 
1,707- 75 

51,712.74 

$8.23 
2,300.40 

52,308.63 
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Sl7E. 

Inches 

DiA. 

Velocity,  F.  per  Second 

0.3 

I.O 

2.0 

5-0 

10. 0 

20.0 

2 

Vd $10.45 

Va 0.07 

$10.45 
0-51 

$10.45 
3-83 

$10.45 
56.60 

$10.45 
404.00 

$10.45 
2,767.50 

22 

Vt $10.52 

Vd $1725 

Va 0 .  09 

$10.96 

$17.25 
0.64 

$14.28 

$17-25 
4-73 

$67.05 

$17.25 
65.00 

$414.45 

$17-25 
496 . 1 2 

$2,777.95 

$17.25 
3,213.67 

3 

Vt $17-34 

Vd $22.70 

Va o.ii 

$17-89 

$22.70 
0.73 

$21.98 

- 

$22.70 
5-40 

$82.25 

$22.70 
77.20 

$513-37 

$22.70 
573-75 

$3,230.92 

$22.70 
3,712.50 

4 

Vt $22.81 

Vd $35- 15 

Va 0.13 

$23.43 

$35-15 
0.92 

$28.10 

$35-15 
6.71 

$99  90 

$35-15 
92.30 

$596-45 

$35-15 
714-15 

$3,735.20 

$35.15 
4,606,87 

S 

Vt $35-28 

Vd $48-95 

Va 0.16 

$36.07 

$48.95 
1.09 

$41 . 86 

$48.95 
7.80 

$127.45 

$48.95 
III. 03 

$749 • 30 

$48.95 
810.00 

$4,642.02 

$48.95 
5,675.06 

6 

Vt $49  - 1 1 

Vd $63.25 

Va 0.18 

S50 . 04 

$63 . 25 
I.  22 

$56.75 

$63 . 25 
8.91 

$159.98 

$63-25 
121.50 

$858.95 

$63.25 
918.00 

$5,724.01 

$63.25 
6,345.00 

8 

Vt $63-43 

Vd  $93-70 

Va 0.20 

$64.47 

$93 . 70 
1.56 

$72.16 

$93-70 
11.50 

$184.75 

$93 . 70 
153-56 

$981 . 25 

$93 . 70 
ii8r . 25 

$6,408.25 

$93 . 70 
7,830.00 

10 

Vt $93-90 

Vd $132-00 

Va 0.24 

$95 ■ 26 

$132.00 
1.86 

$105.20 

$132.00 
13-97 

$247.26 

$132.00 
189.00 

$1274.95 

$132.00 
1398.60 

$7,923-70 

$132.00 
10,266. 75 

12 

Vt $132.24 

Vd $168.00 

Va 0.30 

$133.86 

$168.00 
2-17 

$145-97 

$168.00 
14.70 

$321.00 

$168.00 
202.00 

$1530.60 

$168.00 
1620.00 

$10,398.75 

$168.00 
10,800.00 

Vt $168.30 

$170.17 

$182.70 

$370.00 

$1788.00 

$10,968.00 
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114.  Neglecting  attendance  and  repair  which  is  inappreci- 
able in  a  well-designed  installation,  the  cost  of  operation  of 
pipe  is  the  cost  of  the  power  lost  in  transmitting  the  fluid, 
usually  water,  in  friction.  This  loss  varies  with  the  velocity 
at  which  the  fluid  is  transmitted,  increasing  rapidly  with 
increased  velocity. 

The  life  of  pipe  has  been  the  subject  of  much  argument. 
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Fig.  34. — Showing  the  variation  of  total  vestance  with  the 
velocity,  and  size  of  pipe. 


If  improperly  used,  the  life  may  be  very  short,  due  to  corro- 
sion. If,  however,  the  pipe  is  covered  with  some  noncon- 
ductor, such  as  asphaltum,  or  if  it  is  taped  and  asphalted,  this 
corrosion  is  eliminated.  On  the  whole,  it  seems  safe  to  assume 
a  life  of  50  years. 

We  give  in  table  76  the  vestances  of  pipe  based  on  5%  interest, 
cost  of  power  one  cent  per  h.p.h.  and  also  based  on  a  normal 
year  of  3000  hours.  It  must  be  borne  in  mind,  however,  that 
where  the  pipe  is  used  for  irrigation,  the  normal  year  should 
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be  assumed  at  only  half  of  this  amount  or  1500  hours.     Cost 
of  delivery,  laying,  etc.,  is  not  included. 

115.  Galvanized  pipe,  running  much  higher  in  first  cost 
than  the  black  pipe,  can  be  justified  only  by  a  proportionate 
increase  in  the  life  of  the  pipe,  unless  other  advantages 
are  forthcoming.  This  can  hardly  be  done.  Conducting 
coverings  have  generally  been  displaced  with  nonconducting 
coverings. 

Table  76  shows  that  at  very  low  velocity  the  operating  ves- 
tance  is  practically  negligible  in  comparison  with  the  depre- 
ciation vestance.  For  a  12  in.  pipe,  at  0.5  ft.  per  second  of 
velocity,  for  example,  the  depreciation  vestance  is  $168  while 
the  operating  vestance  is  only  $0.30,  or  about  0.18%  of  the  total 
vestance.  But  at  high  velocities  conditions  are  reversed. 
For  example,  at  20  ft.  per  second  velocity,  in  the  case  of  the 
12  in.  pipe,  the  operating  vestance  is  $10,800  while  the  deprecia- 
tion vestance  is  still  $168.  The  latter,  under  these  con- 
ditions, is  only  1.53%  of  the  total  vestance  and  is  thus  almost 
negligible. 

116.  Somewhere  between  extremely  low  and  extremely  high 
velocity  is  the  point  of  best  economy.  The  above  table  does 
not  show  this.  But  this  can  be  shown  if  the  table  is  reduced 
to  vestances  per  cubic  feet  per  second  (cu.  sec.  ft.)  of  capacity. 
This  we  have  done  in  the  table  below. 
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TABLE  77 
Vestances  per  ioo  Ft.  of  St.indaiid  Pipe  per  Cu.  Sec.  Ft.  of  Capacity 


Size. 
Inches 

DiA. 

Velocity,  Feet  per  Secon 

0.5 

I.O 

2.0 

so 

10. 0 

20.0 

1 

Vd 

$3150.00 
795.00 

$1260.00 
6750.00 

$630 . 00 
27,550.00 

$315.00 
97,000.00 

Fa 

Vt 

$3945  00 

$1430.00 
717.00 

$8010.00 

$570.00 
4110.00 

$28,180.00 

$285.00 
14,140.00 

$97,315.00 

$143.00 
54,000 . 00 

§ 

Vd 

Va 

Vt 

$2147.00 

$1132.00 
566.00 

$4680 . 00 

$453.00 
2890 . 00 

$14,425.00 

$227.00 
10,800.00 

$54,143.00 

$113.00 
36,200.00 

i 

Vd 

$2265.00 

143.00 

Va 

Vt 

$2408.00 

$1170.00 
87.00 

$1698.00 

$585.00 
311.00 

$3343  00 

$234.00 
1820.00 

$11,027.00 

$117.00 
7,500.00 

$36,313.00 

$58 .00 
22,350.00 

3 

4 

V D    .  .  .  $2340.00 
Va 28.00 

I 

Vt $2368.00 

V  D    .  .  .$1870.00 
Va 1 9  .  00 

$1257.00 

$935  00 
73.00 

$896 . 00 

$468.00 
159.00 

$2054.00 

$187.00 
1160.00 

$7,617.00 

$94 . 00 
4,360.00 

$22,408.00 

$47.00 
16,000.00 

I^ 

V, $1889.00 

V D    ...  $1320.00 
Va 10.00 

$1008.00 

$660 . 00 
32.00 

$627.00 

$330.00 
1 20 . 00 

$1347.00 

$132.00 
714.00 

$4,454.00 

$66 . 00 
2,810.00 

$16,047.00 

$33- 00 
9,200.00 

2 

Vi $1330.00 

V D    .  .  .$1045.00 
Va 7  .  00 

$692.00 

$522.00 
26.00 

$450 . 00 

$261.00 
96.00 

$846.00 

$104.00 
566.00 

$2,876.00 

$52.00 
2,020.00 

$9,233.00 

$26.00 
6,919.00 

2h 

Vt $1052.00 

Vd  .  .  . $1035.00 

Va 500 

$548 . 00 

$518.00 
19.00 

$357.00 

$259.00 
71 .00 

$670.00 

$103.00 
391.00 

$2,072.00 

$51.00 
1 ,490 . 00 

$6,945.00 

$25.00 
4,670.00 

3 

Vt $1040.00 

Vd  .  .  .   $908.00 
Va 400 

$537-oo 

$454 ■ 00 
16.00 

$330 . 00 

$227.00 
54.00 

$494.00 

$91.00 
309.00 

$1,541 .00 

$45 . 00 
1,150.00 

$4,695.00 

$23.00 
3,712.00 

4 

Vi $912.00 

Vd  .  .  .    $803.00 
Va 300 

$470.00 

$402.00 
15.00 

$281 .00 

$201 . 00 
38.00 

$239 . 00 

$184.00 
29.00 

$400 . 00 

$80.00 
211 .00 

$1,195.00 

$40 . 00 
816.00 

$3,735  00 

$20.00 
2,635.00 

5 

Vt $806.00 

Yd  .  .  .   $734.00 

Va 2.00 

$417.00 

$367  00 
8.00 

$291 .00 

$73  00 
167.00 

$856.00 

$37.00 

607.00 

$644 . 00 

$2,655.00 

$18.00 
2,120.00 

Vt $736.00 

$375- 00 

$213.00 

$240.00 

$2,138.00 

CURVES   OF   BEST   USE 
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Size, 

Velocity,  Feet  per  Seconi) 

DlA. 

OS 

I.O 

2.0 

S-o 

10. 0 

20.0 

6 

Vd  ... 

Va 

Vt 

Vd  ... 
Va 

Vt 

Vd  ... 

Va 

Vt 

Vd  ... 

Va 

Vt 

$632.00 
2.00 

$318.00 
6.00 

$159.00 
22.00 

$63.00 
122.00 

$32.00 

459.00 

$491 .00 

$28.00 
355  00 

$16.00 
1,586.00 

8 

$634 . OC 

$562.00 
I.  00 

$324.00 

$281.00 
5  00 

$181 .00 

$140.00 
17.00 

$185.00 

$56.00 
92.00 

$1,602.00 

$14.00 
1,175.00 

lO 

$563.00 

$494  OC 

I  .OC 

$286.00 

$247.00 

4.00 

$251 .00 

$224.00 
3.00 

$157.00 

$148.00 
13.00 

)i48.oo 

$49 ■ 00 
71 .00 

$383.00 

$25.00 
262.00 

$1,189.00 

$12.00 
963.00 

12 

$495 -OC 

$448. OC 

I  .OC 

$16]*. 00 

$112.00 
10.00 

)I20.00 

$45 . 00 
54.00 

$287.00 

$22.00 
2 1 6 . 00 

$975.00 

$1 I . 00 
721 .00 

$449 . OC 

$227.00 

$122.00 

$99 . 00 

$238.00 

$732-00 

$2800 
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Fig.  35. — Total  vestances  of  standard  iron  pipe  per  100  ft.  of  length 
and  per  cu.  sec.  ft.  of  capacity. 

We  thus  see  at  a  glance  that  starting  with  low  velocity  the 
total  vestance  decreases  as  the  velocity  increases  until  it  reaches 
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a  minimum,  and  thereafter  increases.  This  minimum  point  is 
the  point  of  best  economy  under  the  conditions  assumed.  If 
the  cost  of  power  is  in  excess  of  one  cent  perh.p.h.,  lower  veloci- 
ties must  be  used,  otherwise  higher  velocities,  for  best  economy. 
There  are  instances  in  the  piping  of  water  where  some  power 
is  available  but  not  sufficient  for  economical  development. 
Under  such  conditions  small  pipe  may  be  used,  wasting  this 
power  in  friction  but  reducing  thereby  the  cost  of  the  pipe. 
But  there  are  other  instances  where  the  power  is  wasted  merely 
because  of  a  lack  of  knowledge  of  its  worth.  We  have  in  mind 
one  such  instance  where  the  power  wasted  was  afterward  put 
to  use  and  found  sufficient  for  a  town  of  3000  people. 

117.  To  give  a  better  idea  of  the  variation  of  total  vestance 
per  cu.  sec.  ft.,  with  velocity,  we  give  in  table  78  more  detailed 
data  for  the  6  inch  pipe  by  way  of  illustration. 


TABLE  78 

Velocity — Feet  per  Second 


o.S 

0.6 

0.8 

I.O 

15 

2.0 

30 

4.0 

50 

6.0 

8.0 

10 

15 

20 

6"Vd 

Va 

I632 
2 

$527 
2 

$395 
3 

$316 
6 

$211 
14 

$159 
22 

$105 
48 

$79 
81 

$63 
122 

53 
180 

$39 
298 

$32 
459 

$21 
1000 

$10 
1586 

Vt 

I634 

$529 

$398 

$322 

$225 

$181 

$153 

$160 

$185 

I233 

S337 

$491 

$1021 

$1602 

This  shows  that  under  the  conditions  assumed  a  velocity  of  three 
feet  per  second  is  the  point  of  best  economy  while  a  velocity  of 
four  feet  per  second  is  nearly  as  good.  At  a  velocity  of  20  feet 
per  second,  the  total  vestance  for  the  transmission  of  water  is 
over  ten  hundred  per  cent  greater. 

The  friction  of  riveted  pipe  is  considerably  greater  than 
smooth  pipe,  such  as  standard  wrought  iron  or  wood  pipe. 
According  to  Marks'  Mechanical  Engineer's  Handbook,  that 
of  6  inch  riveted  pipe  is  1.8  ft.  per  100  ft.  of  pipe  at  3  ft.  per 
second  velocity,  while  that  of  smooth  pipe  of  the  same  size  and 
at  the  same  velocity  is  only  0.7  ft.  under  the  same  conditions; 
the  operating  vestance  of  the  riveted  pipe  will  be  $122  as  com- 
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pared  with  only  $47  for  the  smooth  pipe.  Since  the  total  vest- 
ance  of  the  latter  is  only  $152,  it  would  be  necessary,  for  equal 
economy,  to  have  only 

152  —  122  =  $30, 

of  depreciation  vestance.  Assuming  then  that  the  riveted  pipe 
has  as  long  a  life  as  the  wrought  iron  pipe,  i.e.,  50  years,  so  that 
its  term  factor  will  be  0.91279,  it  would  be  necessary  to  purchase 
the  riveted  pipe  at 

30  X  0.91279  =  $27.38370  per  100  ft. 

as  compared  with  $57.80  for  the  wrought  iron  pipe,  i.e.,  the 
riveted  pipe  would  be  worth  only  47.4%  as  much  as  the  latter. 

The  use  of  extra  strong,  or  double  extra  strong,  pipe  is  war- 
ranted where,  and  only  where,  the  pressure  to  be  borne  is  too 
great  for  standard  pipe.  For  still  lower  pressures,  casing  may 
be  used  to  considerable  advantage  due  to  its  lower  first  cost. 

118.  We  give  in  table  79  the  vestances  of  wood  pipe  on  the  same 
basis  as  the  standard  pipe  above.  This  pipe  has  come  into 
very  considerable  use.  It  is  particularly  well  adapted  for  low 
heads.  It  cannot,  however,  be  allowed  to  stand  empty  without 
being  ruined.  The  friction  is  assumed  equal  to  that  of  standard 
pipe. 

Since  the  operating  vestance  of  wood  and  standard  pipe  has 
been  assumed  equal,  while  the  first  cost,  and  therefore  the 
depreciation  vestance,  of  the  former  is  much  lower,  the  total 
vestance  of  wood  pipe  is  far  the  lower.  However,  it  must  be 
remembered  that  there  are  some  duties  for  which  wood  pipe 
is  not  adapted.  But  in  such  service  as  the  distribution  of  water 
for  irrigation,  wood  pipe  has  proved  an  inestimable  aid,  allowing 
much  development  that  would  have  been  prohibitive  with  more 
expensive  pipe. 

It  would  be  a  simple  matter  in  any  concrete  case  to  compare 
the  total  vestances  of  pipe  with  that  of  open  ditches  or  flumes. 
However,  both  the  first  cost  and  the  cost  of  maintenance  of  such 
conveyances  is  highly  variable,  varying  greatly  with  the  char- 
acter of  the  ground,  the  conformation  of  the  soil,  and  local 
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TABLE  79 

\'estaxces  of  Wood  Pipe  per  ioo  Feet  per  Cubic  Second  Feet  at  Three  Feet 
PER  Second  Velocity 


Size, 

Head  in  Feet 

In. 

DiA. 

5° 

100 

150 

200 

250 

300 

350 

400 

2 

Vd  . 

.$178.00 

$182.00 

$188.00 

3^203.00 

I218.00 

$232.00 

$263.00 

$299.00 

Va.. 

Vt.. 

.    203.00 
.$381 .00 

203 . 00 

203.00 

203 .  00 

203 . 00 

203 . 00 

203 . 00 

203 . 00 

$385 ■ 00 

$391.00 

$406 . 00 

$421 .00 

$435 . 00 

$466 . 00 

$502 .00 

3 

Vd  . 

.    $87.00 

$91 .00 

$93 ■ 00 

$97 -OO 

$101 .00 

$108.00 

$126.00 

$138.00 

Vt.. 

.  .    115   00 

1 1 5 . 00 

115.00 

115. OC 

115.00 

115.00 

115.00 

115.00 

.$202.00 

$206.00 

$208 . 00 

$212.00 

$216.00 

$223.00 

$241 .00 

$253.00 

4 

Vd 

.    $61.00 

$63 . 00 

$64 . 00 

S78.CO 

$82.00 

$89 . 00 

$98 . 00 

$108.00 

Va.. 

Vt.. 

Si.  00 
.$142.00 

81.00 

81 .00 

81 .00 

81.00 

Si  .00 

81 .00 

8 1 .  00 

$144.00 

$145.00 

$159.00 

$163.00 

$170.00 

$179.00 

$189.00 

6 

Vd 

•    $33  00 

$39 • 00 

$42.00 

$46.00 

$50 . 00 

$55.00 

$59 ■ 00 

$61.00 

Ka.. 

Vt.. 

. .     48 . 00 

48.00 

48.00 

48.00 

48.00 
$98 . 00 

48.00 

48.00 

48.00 

. .   $81.00 

$87.00 

$90 . 00 

$94 ■ 00 

$103.00 

$107.00 

$109.00 

8 

Vd 

.    $22.00 

$28.00 

$31  00 

$35.00 

$38.00 

$41.00 

$44 • 00 

$51  00 

Vf. 

■ •      34 ■ 00 

34.00 

34.00 

34.00 

34.00 

34.00 

34.00 

34.00 

. .    $56.00 

$62.00 

$65 . 00 

$69 . 00 

$72.00 

$75  00 

$78.00 

$85 . 00 

lO 

Vd 

.    $20 . 00 

$26.00 

$28.00 

$32.00 

$35- 00 

$38.00 

$41 .00 

$47 • 00 

Va.. 

Vt.. 

26.00 

26.00 

26 .  00 

26.00 

26.00 

26.00 

26.00 

26.00 

. .    $46.00 

$52.00 

$54 ■ 00 

$58.00 

$6 I . 00 

$64 . 00 

$67.00 

$73- 00 

12 

Vd 

.    $15.00 

$20.00 

$23.00 

$25.00 

$29 . 00 

$32.00 

$37.00 

$41.00 

Va.. 

Vt.. 

20 .  00 

20.00 

20.00 

20.00 

20.00 

20.00 

20  00 

20.00 

• •   $35 ■ 00 

$40 . 00 

$43 ■ 00 

$45.00 

$49 . OC 

$5  2 . 00 

$5  7 ■ 00 

$61.00 

i6 

Vd 

Va.. 

Vt 

.  .    $14.00 
14.00 

$17.00 
14.00 

. .   $28.00 

$31.00 

$15.00 
II  .00 

Vd 

Va.. 

Vt 

$26.00 

$11 .00 
9.00 

24 

Vd 

Va.. 
VI.. 

.  .      $0 . 00 
9 .  00 

1 

1    

1 

1 

. .   $18.00 

$20.00 
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Fig.  36. — Total  vestances  of  wood  pipe  at  50  and  200  ft.  of  prcisure. 

weather  conditions.  In  any  concrete  case,  where  these  items 
are  definitely  known,  exact  comparisons  can  be  readily  made, 
so  that  we  can  determine  which  is  the  best. 

119.  Cost  of  Building. — Fernold  and  Orrok  give  average  data 
on  the  cost  of  buildings,  and  the  division  of  costs  in  power 
plants  in  good  practical  form,  some  of  which  are  given  below. 


TABLE  80 
Cost  of  Buildings,  1906-10 

Cost  in  dollars      Cost  in  cents 
Type  per  sq.  ft.  per  cu.  ft. 

floor  surface  of  contents 

Mill  construction 0.80  to  i.io        6.5  to    8.5 

Fireproof  stores,  factories  and  warehouses  with  brick, 

concrete,  stone  and  steel  construction 2.00  to  3.00      14.0  to  25.0 

Concrete  and  reinforced  concrete  shops,  factories  and 

warehouses i .  25  to  i .  75        8.0  to  16.0 

Plain  power  houses,  with  concrete  floors,  brick  and 

steel  super-structure 2 .  oc  to  2 .  75        9 .  o  to  1 2 .  o 

Power  houses  under  city  conditions  with  superior 

architecture 3 .  00  to  4 .  50      15.01030.0 

Exact  data  cannot  possibly  be  given,  because  the  cost  of 
buildings  varies  enormously  with  local  conditions.     These  must 
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always  be  determined  by  the  engineer  before  reaching  any  final 
decision. 

TABLE  Si 
Cost  of  Steam  Power  Plant  Buildings 
1906-10 

PER   ENGINE   HORSE   POWER 

Simple  Noncondensing  Engines 

H.p 10  12  15  20  30  40  50  75 

Boiler  house $37.15  $33.00  $28.50  $24.50  $20.50  $18.00  $16.00  $13.00 

Engine  house 4.80      4.35       3. go      3.30       2.75       2.50       2.30       2.15 

Coal  bins 20.00     18.00     16.00     13.70     11.00      9.80       8.30       6.00 

Simple  Condensing  Engines 

H.p 10          12          15          20  30  40          50          75        100 

Boiler  house.  .  .  .$33.70  $29.60  $26.20  $21.60  $18.20  $16.00  $14.80  $11.30  $9.70 

Engine  house ..  .    14.40     12.60     10.90      8.60  7.75  6.40       5.35       4.90     4.30 

Coal  bins 19.00     17.90     15.80     13.60  11.00  8.70       8.50       6.30     5.70 

Compounding  Condensing  Engines 

H.p 100  200  300  400  500  600 

Boilerhouse \$28.5o         24.00      (  " ' '°        ^"^        ^^°        5-70 

Engine  house J  \  11 .  20        9  35         8.50         7.20 

Coal  bins 5.70  4.00  3  10         2.60         2.40         2.25 

H.p 700  800  900  1000  1500  2000 

Boilerhouse $5.35  5-oo  4-7o  4  55  4- 10  3-95 

Engine  house 6.30  5.60  5.35  5.00  4.75  4.55 

Coal  bins 2.10  2.05  1.95  1.80  1.75  1.66 

The  total  cost  of  engine  and  boiler  house  and  coal  bins  for 
simple  noncondensing  engines  is  given  by  the  equation 

Ci  =  63.5  -  ^^2003/  -  1/2  -  1900.      .     .     (79) 

For  simple  condensing,  this  is 

C2  =  65.0  -  W200M  -  M2  -  1900,     .     .     (80; 

while    for    compound    condensing    engines    the    approximate 
equation  is: 

C3  =  ^°  +  8.2 (ai) 

M 
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120.  The  cost  of  complete  steam  installations  is  given  as 
follows : 

TABLE  82 

H.p 5000         10,000       20,000     30,000     40,000     50,000 

Cost  per  h.p $120.00    $100.00    $90.00     $80.00    $75.00     $70.00 

These  costs  are  found  to  be  divided  about  as  follows: 


TABLE  83 

Percentage  of  total 

Buildings,  real  estate  and  e.xcavations 14. 6 

Turbines  and  generators 23 ,  5 

Condensers 5.7 

Boilers,  superheaters,  stokers  and  stacks 28 .  7 

Bunkers  and  conveyors 4.8 

Boiler,  feed  and  service  pumps i .  o 

Feed  water  heaters 1.6 

Switchboard  and  wiring 3.5 

Excitors 2.1 

Foundations — machinery i .  i 

Piping  and  conduit 7.1 

Crane 1.5 

Superintending  and  engineering 4.8 


TABLE  84 

Approxim.ate  Cost 

OF  Dams 

1910-12 

Common 

Common 

Type  of  dam 

up  stream 

batter, 

hor.  to  vert. 

down  stream 

batter, 
hor.  to  vert. 

Approx.  sec. 

in  sq.  yds. 

Approx.  cost 
per  cu.  yds. 

Approx.  cost 
per  lineal  yd. 

Earth  

2  to  I 

3  to  I 
I5  to  I 

2.5h' 
2.oh^ 

$0.50 
1.50 
2.00 

$1.25/12 
2.25A2 
4 .  oo/i' 

Crib 

ih  to  I* 

Rock  mi 

2  to  I 

2  to  I 

Masonry,  straight 

or  0  to  I 

vertical 

0.8  to  I 

o.4h^ 

12.00 

4.80F 

Masonry,  arched 

0.15  to  I 

0.3  to  I 

0.  2sh^ 

15.00 

3.50A2 

Tunnels. — On  the  average,  the  cost  of  tunnels  including 
timbering  and  lining  is  $15  per  cubic  yard.  The  costs  and 
capacities  of  tunnels  are  given  in  table  85. 
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TABLE 

85 

Cost  of  Tunnels 

. 

1910-12 

Size  in  ft. 

Sectional 
area, 

sq.  ft. 

Allowable 

velocity, 

ft.  per  sec. 

Capacity, 
sec.  ft. 

Approx. 
slope  per 
1000  ft. 

Approx. 

cost  per 

lin.  ft. 

Cost  per  lin.  ft. 
per  100  sec.  ft. 

4X7 

28 

3-6 

1 00 

0.46 

S16.00 

$16.00 

7X7.25 

50 

10 

500 

2.0 

28.00 

5.60 

10X10 

100 

10 

IjOfio 

1-5 

56.00 

5.60 

12X12. 5 

150 

10 

1,500 

I.I 

85.00 

567 

14X14-25 

200 

10 

2,000 

0.9 

115.00 

5-  75 

20X25 

500 

10 

5,000 

0.6 

280.00 

5.60 

30X33 

1000 

10 

10,000 

0-3 

500 . 00 

5.00 

Canals. — In  ordinary  earth  a  velocity  of  2  feet  per  second 
is  commonly  used.     On  this  basis  the  following  data  are  given. 


TABLE  86 

Cost  of  C.^n.a.ls  in  Ordinary  E.ahth 

1910-12 


Approx.  Cost  per  Running 

Cap.\city. 
Sec.  Ft. 

Area  Wet, 
Sec.  Sq.  Ft. 

Depth  of 
Water 

Slope  in  Ft. 
PER  Mile 

Foot 

Low 

High 

50 

25 

2.5 

4 

So. 375        1          $0.75 

100 

50 

3-5 

2 

0-75         1            I 

SO 

200 

TOO 

5 

1-5 

1-50 

3 

00 

300 

150 

6 

1 .0 

2.25 

4 

50 

400 

200 

7 

0-75 

3.00 

6 

00 

500 

250 

7 

0.75 

3  75 

7 

50 

1000 

500 

10 

0.50 

7  50 

15 

00 

1500 

750 

12 

0.  50 

11.25 

22 

50 

2000 

1000 

12 

0-33 

15.00 

30 

00 

3000 

1500 

15 

0.25 

22.50 

45 

00 

In  rock  the  allowable  velocity  is  8  feet  per  second  if  the  canal 
is  lined.  Under  such  conditions  the  following  data  are  given. 
The  costs  may  vary  greatly  with  local  conditions. 
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TABLE  87 

Cost  of  Canals  in  Rock 

1910-12 


Capacity, 

Area  Wet, 
Sec.  Sq.  Ft. 

Water, 
Depth 

Slope  i.n  Ft. 
per  Mile 

Cost  per  Running  Foot 

Sec.  Ft. 

Low 

High 

5° 

6.25 

2-5 

40 

So.  32 

$1.28 

100 

12. S 

3-5 

25 

0.63 

2.50 

200 

25.0 

50 

16 

1-25 

5.00 

300 

37-5 

6.0 

12 

1.87 

7.50 

400 

50.0 

7 

10 

2.50 

10.00 

500 

62.5 

7 

9 

3   25 

13.00 

1000 

125.0 

10 

6 

6.00 

24.00 

1500 

1750 

12 

4-5 

8.75 

35  00 

2000 

250.0 

2 

35 

12.50 

50.00 

3000 

3750 

15 

30 

i«.75 

75.00 

The  Reclamation  Service  gives  the  following  costs  of  exca- 
vation. 


TABLE  88 

Cost  of  E.\'cav.\tions 

1Q10-12 


Class 

Cost  per  Cu.  Yd. 

Low 

High 

Average 

Plowable  with  4  horses 

Plowable  with  6  horses 

$0 . 098 
0.1225 
0.  29 

0-35 
0.60 
0.  20 

$1.00 
2.00 
2.00 
3.00 
5.00 
3.00 

$0.18 
0.30 
0.60 

C.75 

Indurated  material 

Loose  rock 

Solid  rock 

Excavation  below  plane  of  saturation 

Solid  rock  below  water 

1.80 
4  50 

The  General  Electric  Company,  give  the  valuable  data  on 
hydro-electric  installations  as  shown  in  table  89. 
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In  the  table  89 

Low  head,  50  to  200  ft. 
Medium  head,  200  to  600  ft. 
High  head,  600  ft.  and  above. 
Small  capacity,  200  to  1000  kw. 
Medium  capacity,  1000  to  5000  kw. 
Large  capacity,  5000  kw.  and  over. 

The  per  cent  of  total  costs  of  various  items  of  construction 
in  hydro-electric  plants  is  given  as  follows: 

Small  Low  Head  Plant 

Hydraulic  work  not  including  power  house  55% 

Power  house  building 6%  1 

Water  wheels 9%  I  Power  house  fully  equipped  45% 

Electric  equipment 30%  J 

100% 

Medium  Low  Head  Plant 

T  ^,„  l^JJ^^,,.!.^  J;.^L C7     Hydraulic  work  less  power 

Low  pressure  pipe 20%  >      ,  ^  ^ ,.,  * 

TT-  1  :  or  \      house  66% 

High  pressure  pipe 3%  J  ^^ 

Power  house  and  machinery 34% 

Small  Medium  Head  Plant 

Hydraulic  work  not  including  power 

house  building 76     % 

Power  house  building 8     %) 

Turbines 3 . 5%  i  Power  house  fully  equipped  24% 

Electric  equipment 12. 5%  J 

Large  Medium  He.vd  Plant 

Hydraulic  work 38% 

Power  house  building 10%  ] 

Hydraulic  machinery 31%  [  Power  house  fully  equipped  62% 

Electric  equipment 21%  J 

Large  High  He.\d  Plant 

Dam 22%]  „,       ,.  ,  .     ,    ,. 

Low  pressure  pipe ^^  I  Hydraulic    work    not    including 

High  pressure  pipe 16%  J      P^'^'^"  ^°"'^  ^^% 

Power  house  fully  equipped 39% 

121.  More  complete  data  on  the  cost  of  buildings,  excava- 
tions, fills,  foundations,  bridges,  tunnels  and  the  like  are  given 
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in  Gillette's  "  Handbook  of  Cost  Data  "  (Myron  C.  Clark 
Publishing  Co.)-  For  similar  data  on  power  plants,  the  reader 
is  referred  to  Fernold  and  Orrok's  "  Engineering  of  Power 
Plants"  (McGraw  Hill  Book  Co.),  Harding  and  Willard's 
"  Power  Plants  and  Refrigeration  "  (John  Wiley  &  Sons,  Inc.), 
and  Guldner's  "  Internal  Combustion  Motors "  (D.  Van 
Nostrand  Co.). 

The  equations  of  cost  as  given  by  Harding  and  Willard  in 
their  ''  Power  Plants  and  Refrigeration  "  (John  Wiley  &  Sons, 
Inc.,  19 1 7)  are  as  given  in  table  90. 
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122.  The  vestances  of  such  items  of  a  system  as  belts,  pipe, 
and  the  like  may  easily  be  determined,  as  illustrated  below. 

Example  46.  A  belt  for  a  10  h.p.  unit  costs  $20  or  $2  per 
h.p.  The  belt  efficiency  is  85%.  Assuming  power  at  one 
cent  per  h.p.h.,  interest  at  5%.  and  the  life  of  the  belt  at  5 
years,  and  neglecting  other  operating  costs,  determine  the 
vestance  per  h.p.  of  the  belt  per  normal  year  of  3000  hours. 
How  does  it  compare  with  the  vestance  of  a  flexible,  steel  link 
coupling  costing  $45? 

Solution:  With  interest  at  5%  and  the  life  at  5  years,  the 
term  factor  is  0.21649.  The  depreciation  vestance  per  h.p.  is 
then 

2  -^  0.21649  ^  S9.25. 

For  each  h.p.h.  transmitted  0.15  h.p.h.  is  lost.  The  loss  per 
h.p.  year  is  then 

3000  X  0.15  =  450  h.p.h., 
costing 

450  X  o.oi  =  $4.50. 

The  operating  vestance  is  then 

4.50  -^  0.05  =  $90, 

and  the  total  vestance  is 

9.25  +  90  =  S99-25- 

If  a  10  h.p.  flexible  coupling  costs  $45,  then  the  cost  per  h.p. 
is  $4.50. 

For  all  practical  purposes,  the  life  of  the  coupling  is  per- 
manent.    The  depreciation  vestance  per  h.p.  is  therefore 

4.50  ^  I  =  $4.50. 

The  efficiency  is  100%.  The  operating  vestance,  neglecting 
attendance  and  repair  as  we  did  for  the  belt,  is  then  zero  and 
the  total  vestance  is 

4.50  +  o  =  $4.50, 
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as  compared  with  $99.25  for  the  belt.  On  this  basis,  it  appears 
therefore  that  we  could  spend  as  much  as  $94.75  per  h.p.  for 
direct  connection  and  still  render  the  service  as  cheap  as  with 
the  belt-driven  unit. 

If  the  power  costs  2  cents  per  h.p.h.,  the  operating  vestance 
of  the  belt  would  be  doubled  ($180)  and  its  total  vestance  per 
h.p.  would  increase  to  $189.25.  We  could  then  afford  to  spend 
this  greater  amount  per  h.p.  for  direct  connection. 

As  a  matter  of  fact  the  difference  between  the  belt  and 
coupling  is  much  greater  than  is  indicated  above.  For,  while 
the  cost  of  attendance  and  repair,  that  we  neglected  to  take  into 
consideration  above,  is  very  small  for  the  coupling,  it  is  very 
large  for  the  belt.  Furthermore  the  belt  places  heavy  lateral 
strains  on  the  bearings  of  both  the  driver  and  driven  unit.  The 
loss  of  power  and  increased  repair  on  the  units  that  this  occasions 
must  be  charged  against  the  belt.  In  a  well-made  coupling, 
these  losses  are  eliminated,  the  power  being  transmitted  without 
such  strains. 

PROBLEMS 

1.  A  150  h.p.  engine  has  a  guaranteed  steam  consumption  of  20^  steam 
per  h.p.h.  The  test  shows  that  the  actual  consumption  is  21.67^.  The 
engine  operates  for  3000  hours  per  year  at  full  load  and  costs  $4500  installed. 
The  steam  costs  25  cents  per  loooj^  to  produce.  The  Hfe  of  the  engine  is  20 
years.  The  interest  rate  is  6%.  How  much  should  be  deducted  from  the 
purchase  price  to  compensate  the  purchaser  for  the  increased  cost  of  opera- 
tion above  that  guaranteed? 

2.  A  300  h.p.  engine  has  a  guaranteed  steam  consumption  of  20^  per 
h.p.h.  The  test  shows  that  the  actual  consumption  is  only  18.4?^.  The 
engine  operates  for  4000  hours  per  year  at  full  load,  and  costs  $8500  installed. 
The  steam  costs  30  cents  per  looo?^^  to  produce.  The  life  of  the  engine  is 
25  years.  Interest  rate  is  7%.  How  much  should  the  manufacturer  receive 
to  compensate  for  the  added  economy  of  service  that  he  has  produced? 

3.  A  power  plant  consists  of  two  5000  h.p.  engines  that  consume  26^ 
of  steam  per  h.p.h.  Boiler  feed  temperature  72°,  steam  pressure  160^ 
and  quality  98%.  The  boilers  evaporate  8.57^  of  water  per  pound  of  coal. 
The  engines  operate  for  3600  hours  per  year  at  full  load.  Interest  rate  is 
6%.  If  these  engines  are  removed  and  sold  for  $6  per  h.p.,  and  new  ones 
are  installed,  having  a  life  of  25  years  and  using  only  i2j^  of  steam  per 
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h.p.h.,  how  much  can  be  paid  for  the  new  engines?     Heat  costs  i8  cents  per 
million  B.t.u. 

4.  A  200  h.p.  automatic  engine  uses  31^  steam  per  h.p.h.  and  costs 
$2800.  A  200  h.p.  CorUss  engine  uses  25^  steam  per  h.p.h.  and  costs  S4200. 
Steam  costs  25  cents  per  loooj^  to  produce.  The  plant  runs  for  3000  hours 
per  year  at  full  load.  Interest  rate  is  5%.  The  Hfe  of  the  high  speed  engine 
is  15  years  and  for  the  low  speed  engine  it  is  25  years.  Which  engine  is  the 
most  economical?     How  much  saving  will  this  represent  per  year? 

5.  In  problem  (4)  if  the  engines  are  to  be  used  for  only  1000  hours  per 
year  at  full  load,  which  engine  will  be  the  best?  How  much  saving  will 
this  represent  per  year? 

6.  In  problem  (4),  for  what  number  of  hours  of  service  per  year  are  the 
two  engines  equal? 

7.  A  steam  plant  is  to  be  installed  to  deliver  1000  kw.  at  the  switchboard. 
A  steam  engine-generator  set  can  be  installed,  with  a  guaranteed  economy 
of  i5#  of  steam  per  i. h.p.h.  with  a  steam  pressure  of  150?^  ,  feed  temperature 
180°,  quality  97.5%.  The  mechanical  efficiency  of  the  engine  is  guaranteed 
at  92%,  and  the  generator  efficiency  at  94%.  Or  a  steam  turbo-generator 
can  be  installed  with  a  guaranteed  steam  consumption  of  20*  per  kw.hr. 
with  a  steam  pressure  of  i5oi^  ,  feed  temperature  150°  and  150°  of  superheat. 
The  cost  of  generating  steam  in  either  case  is  20  cents  per  1,000,000 
B.t.u. 

The  steam  engine-generating  set  costs  $23,500.  The  turbo-generator  set 
costs  $19,700.  Superheaters  cost  $1800,  and  boilers  cost  $8.52  per  boiler 
h.p.  The  attendance  cost  is  o.i  cent  per  h.p.h.  for  the  engine-generator 
and  0.06  cent  per  h.p.h.  for  the  turbo-generator.  Interest  rate  is  5%. 
If  the  plant  is  to  be  run  at  full  load  for  6000  hours  per  year,  which  outfit 
is  the  best,  and  by  how  much?     What  is  the  cost  per  kw.h.  dehvered? 

8.  If  in  problem  (7),  the  plant  is  to  be  used  for  1000  hours  per  year, 
then  which  is  the  best  and  by  how  much?  What  is  the  cost  per  kw.h. 
delivered? 

9.  In  problem  (7)  for  what  number  of  hours  of  service  per  year  are  the 
two  units  of  equal  worth? 

10.  A  boiler  plant  develops  500  bo. h.p.  and  uses  ^^  coal  per  bo. h.p. 
The  steam  pressure  is  150^  and  feed  temperature  80°.  A  feed  water  heater 
is  added  which  costs  $600  and  raises  the  feed  temperature  to  180°.  The 
plant  operates  for  4000  hours  per  year.  Coal  contains  12,725  B.t.u.  per 
pound  and  costs  $4  per  ton.  Interest  rate  is  5%.  How  much  saving  per 
bo. h.p.h.  will  be  effected? 

11.  If  in  problem  (10),  instead  of  a  feed-water  heater,  an  economizer  is 
added,  raising  the  feed  temperature  to  300°,  allowing  7%  for  depreciation, 
repair  and  attendance,  how  much  could  we  afford  to  pay  for  the  economizer? 

12.  In  problem  (10),  what  would  be  the  saving  per  bo. h.p.  if  the  plant 
were  run  at  full  load  for  only  2000  hours  per  year? 
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13.  In  problem  (ii),  what  could  we  afford  to  pay  for  the  economizer,  if 
the  plant  were  run  at  full  load  for  only  looo  hours  per  year? 

14.  In  problem  (i  i),  how  much  could  wc  afford  to  pay  for  the  economizer 
if  it  were  used  at  full  load  for  only  loo  hours  per  year?  For  no  hours  per 
year? 

15.  A  boiler  plant  operate?  at  full  load  for  7000  hours  per  year.  It  burns 
50  tons  of  coal  per  day  costing  $4  per  ton  with  operator  (A)  in  charge. 
An  analysis  of  the  flue  gases  shows  CO2,  5  per  cent;  O,  15  per  cent ;  and  N, 
75  per  cent.  The  coal  contains  C,  80  per  cent,  H,  6  per  cent,  and  O,  4 
per  cent.     Stack  temperature  600°;  boiler  room  temperature  70°. 

Operator  (B)  is  placed  in  charge  and  another  analysis  taken.  This  shows 
with  the  same  fuel,  C0>,  14  per  cent;  O,  6  per  cent;  and  N,  75  per  cent. 
Stack  temperature  520°. 

If  operator  (A)  receives  $1 200  per  year,  what  can  we  afford  to  pay  operator 
(B)? 

16.  If  in  problem  (15),  the  analysis  showed  COv,  13  per  cent,  CO  i  per 
cent,  and  all  other  things  remained  the  same,  what  then  could  we  afford 
to  pay  operator  (B)? 

17.  If  in  problem  (15),  the  analysis  showed  CO2,  10%,  CO,  0.2  per 
cent  and  O,  10%,  with  a  stack  temperature  of  550°,  while  all  other  things 
remain  as  before,  what  then  could  we  afford  to  pay  operator  (B)? 


CHAPTER  IV 

UNIT  COST  DETERMINATION 

123.  It  is  more  convenient  and  somewhat  simpler  to  use  a 
new  unit,  instead  of  that  previously  employed,  in  the  following 
calculations.  This  new  unit  is  the  per  cent  of  fixed  charges,  p. 
It  is  determined  in  terms  of  the  units  previously  employed,  as 
follows: 
Let 

C  =  the  first  cost  per  unit  of  size  of  the  undertaking, 

a  =  the  operating  cost  per  unit  of  service  produced, 

M  =  the  size  of  the  undertaking, 

p  =  the  per  cent  of  fixed  charges. 


and 


The  total  first  cost  of  the  undertaking  is  then  MC  and  the 
depreciation  vestance  is 

y      _MC 

yd ^. 

The  annual  fixed  charges  are 

MCR 


F.  C.  = 


T 


The  per  cent  of  fixed  charges,  p  is  the  ratio  of  the  total  annual 
fixed  charges  to  the  total  first  cost  or 

^      MCR       ,,^ 
P  =  —jT-  -^  MC, 

or 
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Since  the  per  cent  of  fixed  charges  consists  of  the  sum  of  the 
depreciation  rate  and  the  interest  rate,  we  also  have 

p  =  D  +  R. 

The  per  cent  of  fixed  charges  for  various  lives  and  different  in- 
terest rates  is  given  in  table  9 1 . 

It  must  be  thoroughly  borne  in  mind  that  the  first  cost  MC 
of  an  undertaking  varies  directly  with  its  size,  but  the  gross 
return  that  the  undertaking  produces  varies  with  its  employed 
size/-,  and  the  length  iV  of  such  employment  in  hours  per  year. 
There  are,  therefore,  two  primary  factors  upon  which  the 
worth  of  an  undertaking  depends. 

The  total  amount  U  of  service  rendered  per  year,  if  the 
employed  size  (load)  is  Z,  and  the  length  of  service  is  .Yi  hours 
per  year,  is 

U  =  ^^  'LoN 

while  the  capacity  of  the  undertaking  to  render  service  is  8760  M. 
The  load  factor  L.F.  is,  therefore, 


.P 


LdN 

L  F 

876oM' 

124.  Constant  Full  Load. — In  considering  the  efifect  of  varia- 
ble service,  on  the  cost  of  ser\ice  and  the  worth  of  the  under- 
taking, let  us  first  consider  the  simplest  possible  case,  where 
the  load  L  is  constant  and  equal  to  M,  the  full  capacity,  and 
ser^dce  is  rendered  for  .Y  hours  per  year,  then,  e\idently 

pC  =  the  fixed  charges  per  h.p.  year 
and 

LpC  =  the  total  fLxed  charges  per  year. 

The  greatest  value  that  (N)  can  have  is  8760,  the  number 
of  hours  in  a  year.     Again  since  the  operating  cost  is  assumed 
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to  be  constant  at  (a)  dollars  per  h.p.h.  (or  other  unit  of  service), 
then 

La  =  the  total  cost  of  operation  per  hour, 
and 

LaN  =  the  total  cost  of  operation  per  year. 

Evidently  then  the  total  production  cost  (A'l)  per  year  is 
the  sum  of  the  total  annual  cost  of  operation  and  the  fixed 
charges  or 

A'l  =  LpC  +  LaX  =  LipC  +  aN)    .     .     .     (82) 

If  now  we  divide  this  total  annual  cost  by  the  load  (L)  and 
the  hours  of  operation  (N),  we  will  get  the  cost  per  h.p.h. 

{K2)  or 

^  ^  ^  LipC  +  aN) 
"      LN  LN 

or 

K2  =  f+a (83) 

As  (N)  becomes  less,  the  unit  cost  (A'2)  becomes  greater  until 
when  iV  =  o,  when  the  unit  cost  is  infinite,  the  operating  cost,  a, 
per  h.p.h.  being  assumed  constant.  On  the  other  hand  as  (N) 
increases,  the  unit  cost  becomes  less,  tending  to  decrease  to 
the  value  of  the  operating  cost,  when  (.Y)  =  00 .  But  the 
largest  value  that  (N)  can  have  is  8760,  the  number  of  hours 
in  the  year,  and  therefore  the  minimum  value  that  the  unit  cost 
can  reach  is 

8760 

when  the  plant  is  operated  at  full  load  throughout  the   entire 
year. 

If  we  call  J  the  price  per  unit  of  service  which  is  obtained, 
then  the  gross  annual  income  /  is  JU.  If  the  load  is  constant, 
then 

U  =  LN 
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and  the  gross  annual  income  is 

which  gives  a  credit  vestance  of 


The  excess  worth  of  this  undertaking:  is  then 


w^JJf-v. 


and  the  total  worth  is 


W,  =^^  -  F  +  C. 
K 


If  the  excess  worth  is  zero,  then 

IF  =  o 
and 


therefore, 


or 


jLN  ^y  ^LC      LaN. 
R  T  R    ' 

■  ^VR  ^  LCR       LaNR 
^  ~  LN  ~  LNT       RLN 

Under  these  conditions,  the  price  per  unit  of  service  j  is  the 
same  as  the  unit  cost  7^2,  this  cost  being  such  that  it  will  allow 
a  return  of  R  per  cent  on  the  invested  capital  C,  the  first  cost 
of  the  undertaking.  That  is  as  it  should  be,  for  the  invested 
money  should  be  paid  for  whether  it  is  borrowed  or  not. 

The  total  annual  outlay  per  year  is  VR,  inclusive  of  the  interest 
charge  CR  on  the  investment  C.  The  annual  expenditure  X, 
exclusive  of  the  interest  charge,  is  therefore 

X  =  LVR~  LCR  =  LRiV  -  C) 
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or 


so  that 


But 


X  =  ^  +  LaN  -  LCR, 

X  =  LCR 

R(i  -  T) 


I  -  T 
T 


+  LaN. 


D  = 


T 


the  depreciation  rate,  and  therefore, 

X  =  LCD  +  LaN  =  L{CD  -\-  aN) 
and  the  expenditure  per  unit  of  service  is 

X  =  . —  = u  a. 

LN        N 

The  substitution  of  D  for  p  in  any  of  the  cost  equations  will 
always  give  the  expenditure,  for 


Cp  -  CR  = 


CR 
T 


CR  =  CR 


[?-■] 


But 


and  therefore. 


or 


D  = 


-  T  ^  I 

T      "  f       ^ 


Cp  -  CR  =  CD, 
p  -  R  ^  D. 


125.  If  we  have  two  plants,  one  of  which  has  a  first  cost  of 
Ci  dollars,  a  depreciation  of  pi  per  cent,  and  an  operating  cost 
of  ai  dollars,  while  the  second  has  corresponding  values.  C2, 
p2,  and  ao  and  each  carry  the  same  load  L,  then  the  total  annual 
cost  of  the  first  plant  is 


Ki'  =  LipiCi  +  aiiV), 


and  of  the  second  is 


A'l"  =  LipoCo  +  a.N). 
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If  we  plot  the  total  annual  production  cost  vertically  as  in 
Fig.  37  and  the  hours  horizontally,  then  these  equations  will 
give  straight  lines  AB  and  A'B'.  It  may  be  and  often  is  true 
that  two  such  lines  3iS  AB  and  A'B'  intersect  between  A^  =  o 


JJ 

^ 

^B 

o 
O 

a 
o 

^ 

.^ 
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Hours  of  Operation  per  Year 


8760 


Fig.  37. — Variation  of  production  cost  with  use  and  the  change  point. 

and  N  =  8760,  as  at  (C),  Fig.  37.     At  this  change  point  Ki' 
and  Ki"  are  equal  and  therefore 


or 


Lipid  +  aiN)  -  /.(/^oCo  +  a2iV), 
piCi  +  aiiV  =  /?2C2  +  a-zN, 
and  solving  for  xV  gives  the  change  point 


No  = 


/>2C2    —   /^iCi 

(oi  -  O2) 


(84) 


For  values  of  (A^)  less  than  A^o,  Ki'  is  less  than  Ki".  For 
values  of  (N)  greater  then  Nq,  Ki"  is  less  than  A'l'.  Evidently 
therefore  when  the  hours  of  operation  are  less  than  A'o,  the  first 


228 


UNIT  COST  DETERMINATION 


plant  is  the  most  economical,  for  a  greater  number  of  hours  of 
operation,  the  second  plant  is  best.  The  application  of  this  will 
be  illustrated  in  the  problems  below. 

Example  47.  A  pumping  plant,  having  a  capacity  of  ten 
thousand  gallons  per  minute  costs  $8000  and  has  14%  fixed 
charges.  The  cost  of  operation  of  the  plant  is  20  cents  per 
hour.     What  is  the  cost  per  hour  per  1000  gallons  of  capacity? 

Solution:    Under  the  above  conditions  the  fixed  charges  are 

8000  X  14%  =  $1120, 

or  $112  per  1000  gallons  of  capacity.  The  total  cost  of  opera- 
tion is  20  cents  per  hour  or  2  cents  per  1000  gallons  of  capacity. 
For  {N)  hours  this  cost  would  be  o.o2iY  dollars. 

The  total  production  cost  per  thousand  gallons  of  capacity 
per  year  is  then 

i^i  =  112  +  o.o2A^ {a) 

The  cost  per  hour  is  obtained  by  dividing  (A'l)  by  the  number 
of  hours  (.¥),  getting 

{h) 


A2  =  -T7  +  0.02. 

N 


We  can  get  values  for  A'l  and  A'2  from  equations  {a)  and  {b) 
for  various  values  of  {N)  as  follows: 

TABLE  92 


N 

^1 

A'2 

0 

$112.00 

Infinite 

100 

114.00 

$1.14 

1000 

132.00 

0.132 

3000 

172.00 

0.0573 

5000 

212.00 

0.0424 

7000 

252.00 

0.0360 

8760 

287.20 

0.02378 

Plotting  the  \alues  of  A'2  vertically  against  the  time  (N)  hori- 
zontally as  in  Fig.  38  gives  a  hyperbola.  Note  the  enormous 
variation  of  the    unit  cost   (A'o)   with    time.     The  number  of 
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hours  of  operation  per  year  is  the  most  important  factor  in 
the  cost  of  a  service. 

Example  48.  A  power  plant  costs  $100  per  h.p.  and  is  of 
2000  h.p.  capacity,  running  at  full  load.  If  the  fixed  charges 
are  15%  and  the  cost  of  operation  0.5  cent  per  h.p.h.  (a)  what 
is  the  total  annual  cost;  and  (b)  what  is  the  cost  per  h.p.h.? 

$1.40 


1.20 


01.00 


o 

I  .60 


o   .40 


.20 


0  1000        2000       3000       4000        5000        6000       7000       8000    8760 

Hours  per  Year 

Fig.  38. — Variation  of  total  and  unit  production  cost  with  use, 
according  to  example  47. 

Solution:  The  total  cost  of  the  plant  is 

2000  X  100  =  $200,000, 

and  the  total  fLxed  charges  are 

200,000  X  .15    =  $30,000. 
The  operating  cost  per  year  is 

2000  X  0.005  X  iV  =  io2V (a) 

The  total  annual  production  cost  per  h.p.  is  then 

A'2  =-^  =^  +  0.005 {h) 

2oooiV       N  ^  ^ 
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The  values  of  Ki  and  Ko  for  various  values  of  (N)  are  given 
below,  in  order  again  to  illustrate  the  enormous  variation  in 
cost  with  the  time  of  operation. 

TABLE  93 


N 

Ki 

K2 

o 

$30,000 .  00 

Infinite 

lOO 

3 1 ,000 .  00 

0.155 

lOOO 

40,000 . 00 

0.02 

3000 

60,000 . 00 

0.01 

5000 

80,000.00 

0.008 

7000 

100,000.00 

0.007143 

8760 

117,600.00 

0.006712 

Note  that  for  1000  hours  of  operation,  the  cost  per  h.p.h.  is 
three  times  as  great  as  for  continuous  (N  =  8760  hours)  opera- 
tion during  the  year. 

Example  49.  A  pumping  plant  of  1000  g.p.m.  capacity 
costs  $2400.  The  fixed  charges  are  12%  and  the  cost  of  opera- 
tion is  0.3  cent  per  thousand  gallons  delivered.  Each  acre 
irrigated  requires  43,200  gallons  of  water  per  month,  so  that 
with  12  hours  of  operation  per  day,  we  can  irrigate  50  acres. 
We  wdsh,  however,  to  irrigate  100  acres,  and  inasmuch  as 
night  irrigation  is  not  feasible,  the  question  is,  shall  we  put  in 
another  pumping  unit,  or  shall  we  build  a  reservoir,  pumping 
into  it  during  the  night?  If  we  put  in  the  reservoir,  the  pumping 
plant  will  operate  24  hours  per  day  and  therefore  the  power 
company  will  reduce  our  rates  so  that  the  cost  of  the  water  will 
be  reduced  to  0.2  cent  per  1000  gallons  of  capacity.  The  reser- 
voir costs  25  cents  per  yard  to  excavate  and  the  land  costs  $200 
per  acre.  The  reservoir  permits  of  only  10  ft.  depth  so  as  to 
keep  the  bottom  above  the  land  level.  The  fLxed  charges  on 
the  reservoir  are  8%  and  the  length  of  the  irrigation  season  is 
5  months.  Shall  we  install  another  pumping  plant,  or  put  in 
the  reserV'Oir? 

Solution:  The  question  can  only  be  answered  by  determining 
the  costs  in  each  case  and  comparing  them,  the  one  rendering 
the  service  cheapest  being  the  one  we  shall  decide  upon. 
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Where  we  are  operating  12  hours  per  day  our  costs  are  as 
follows: 

Fixed  charges  per  year  are 

2400  X  0.12  =  $288, 

and  the  operating  costs  are 

$0,003  X  60  =  $0.18  per  hour, 

and  since  5  months  =  5X30X12  =  1800  hours  the  annual 
cost  of  operation  is 

.18  X  1800  =  $324. 

The  total  annual  cost  is  then 

Ki  =  288  +  324  =  $612  per  year. 

If  we  install  two  units,  this  cost  will  be  doubled,  or 

A'l'  =  2  X  612  =  $1224. 

To  hold  the  water  pumped  during  12  hours,  the  capacity  of  the 
reservoir  will  have  to  be 

1000  X  60  X  12  =  720,000  gal. 
or 

720,000  -^  7.5  =  96,000  cu.  ft., 
or 

96,000  ^  27  =  3556  yards, 
costing 

3556  X  0.25  = 


If  the  reservoir  is  10  ft.  deep,  it  will  cover 

96,000  -H  10  =  9600  sq.  ft., 
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which,  allowing  for  some  wastage  of  ground  will  use  up  about 
I  acre,  costing 

200  X  I  =  $100, 

so  that  the  total  reservoir  costs  are 

88g  +  100  =  $989, 
on  which  the  fixed  charges  are 

989  X  0.08  =  S79.12  per  year. 

With  one  pumping  unit  in  combination  with  the  reservoir,  the 
total  fixed  charges  per  year  are 

288  +  79.12  =  $367.12 

and  the  operating  costs  will  be,  at  the  reduced  power  rates, 

O.OC2  X  60  =  $0.12  per  hour, 
or 

0.12  X  3600  =  $432, 

five  months  of  operation  amounting  to  3600  hours  now,  based 
on  24  hours  per  day  of  operation. 
The  total  annual  costs  are  then 

367.12  +  432  =  S799.12. 

To  summarize  then. 

(a)  With  two  pumping  units  running  12  hours  per  day  for 
5  months,  each  of  1000  g.p.m.  capacity,  the  total  annual  cost 
is  $1224. 

(b)  With  one  pumping  unit  of  1000  g.p.m.  capacity  running 
24  hours  per  day  for  5  months,  and  thus  pumping  an  equal 
amount  as  the  two  units  under  (a)  above,  in  combination  with 
the  reser\'oir,  the  total  annual  costs  are  only  S799.12,  showing 
a  saving  of 

1224  —  799.12  =  $424.88  per  year 
or 

424.88  -f-  799.12  =  53%. 
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126.  Example  50.  A  centrifugal  pumping  unit  of  1000  g.p.m. 
capacity  costs  $1100  and  is  guaranteed  to  operate  at  60%  effici- 
ency. A  triplex  plunger  pumping  unit  of  the  same  size  costs 
$2400  and  is  guaranteed  at  75%  efiliciency.  If  in  either  case  the 
fixed  charges  are  15%  and  the  power  charges  are  i  cent  per  h.p.h, 
other  operating  costs  being  i  cent  per  hour,  which  equipment 
should  we  use,  the  head  in  either  case  being  80  ft.? 

Solution:  (a)  In  the  case  of  the  centrifugal  pump:    the  fixed 

charges  are 

I 100  X  o. 15  =  $165 

per  year,  the  power  consumed  is 

1000  X    80  , 

=  2>i-Z  h.p-, 


4000  X  0.60 
The  cost  per  hour  for  power  is  then 

?>?>-i  X  o.oi  =  $0,333, 
and  the  total  operating  cost  per  hour  is 

^■2>?)2>  +  o-oi  =  $o-343, 
or 

o.343A^  per  year  of  N  hours. 

The  total  annual  cost  is  therefore 

Ki  =  165  +  o.343A^ (a) 

(b)  In  the  case  of  the  triplex  pump :   the  fixed  charges  are 

2400  X  . 15  =  $360, 

the  power  consumed  is 

icoo  X  80  ,      , 

=26.7  h.p., 

4000  X  0.75 

so  that  the  cost  per  hour  for  power  is 

26. 7  X  0.01  =  $0. 267, 
or 

0.2'j'jN  per  year  of  N  hours. 
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The  total  annual  cost  is  therefore 

A'l'  =  360  +  o.277iV (b) 

For 

N  =  1000  hours  per  year, 

A'l  =  165  +  343  =  $508  for  the  centrifugal  pump, 
and 

A'l'  =  360  +  277  =  $637  for  the  triplex  pump,  showing 
the  centrifugal  pump  to  advantage. 


For 

then 
and 


N  =  5000  hours  per  year, 
A'l  =  165  +  1715  =  $1880  for  the  centrifugal  pump, 

A/  =  360  +  1385  =  S1745  for  the  triplex  pump,  show- 
ing the  advantage  to  rest  with  this  pump. 

We  can  determine  for  what  number  of  hours  per  year  the 
two  costs  will  be  equal,  by  equating  (a)  and  (b),  thus 

165  +  o.343iVi  =  360  +  o.2TjNi, 
so  that 

o.o66iVi  =  195 
or 

iVi  =  2955  hrs.  per  year. 

That  is,  if  we  operate  less  than  2955  hours  per  year,  then  under 
the  conditions  assumed  above,  the  centrifugal  pump  is  best; 
if  we  operate  more  than  2955  hours  per  year,  then  the  triplex 
pump  is  best. 

Example  51.  We  wish  to  generate  power  under  full  load 
conditions  and  find  that  a  hydro-electric  plant  will  cost  $100 
perh.p.  and  the  cost  of  operation  will  be  o.i  cent  per  h.p.h. 
A  Diesel  engine  plant  will  cost  $60  per  h.p.  and  cost  0.2  cent 
per  h.p.h.  for  operation,  while  a  steam  plant  will  cost  $45  per 
h.p.  and  0.3  cent  per  h.p.h.  to  operate.     If  the  fixed  charges 
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in  all  cases  above  are  14%  for  what  hours  of  operation  would 
each  of  the  above  plants  be  best? 

Solution:    The  total  annual  fixed  charges  per  h.p.   for   the 
hydro-electric  plant  are 

100  X  0.14  =  $14. 
For  the  Diesel  plant,  they  are 

60  X  0.14  =  $8.40, 
and  for  the  steam  plant,  they  are 

45  X  0.14  =  $6.30. 

The  annual  cost  of  operation  for  the  hydro-electric  plant  per 
h.p.  is  $o.ooiiV.  For  the  Diesel  plant,  it  is  $o.oo2iV,  and  for 
the  steam  plant,  it  is  $0,003^/",  where  in  each  case  N  is  the 
number  of  hours  of  operation  per  year.  The  total  annual 
cost  per  h.p.  for  the  hydro-electric  plant  is  then 

K\  =  14.00  -f  o.ooi.V. 

For  the  Diesel  plant,  it  is 

A'l'    =   8.40  +  0.002iV, 

and  for  the  steam  plant,  it  is 

A'l"  =  6.30  +  o.ooT^N. 

Equating  A'l'  and  Ki",  we  get 

6.30  +  o.oo3iVi  =  8.40  -f  o.oo2iVi, 
so  that 

o.ooi/Vi  =  2.10, 
and 

Ni  =  2 100  hours  per  year. 
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So  also  equating  A'l  and  A'l',  wc  get 

8.40  +  0.002A'2    =    14.00  +  O.OOliVo, 

so  that 

o.ooiiV2  =  5-6o, 
or 

A''2  =  5600  hours  per  year. 

The  conclusions  then  are: 

(a)  If  the  plant  is  to  operate  less  than  2100  hours  per  year, 
use  the  steam  plant. 

(b)  If  the  plant  is  to  operate  more  than  2100  hours  per  year, 
but  less  than  5600  hours  per  year,  use  the  Diesel  plant. 

(c)  If  the  plant  is  to  operate  more  than  5600  hours  per  year, 
use  the  hydro-electric  plant. 

127.  If  the  plant  does  not  operate  at  full  load  but  at  a  con- 
stant fractional  load,  then  calling  M  the  capacity  of  the  plant, 
and  L  the  load,  as  before,  we  get  that  the  annual  fixed  charges 
are  MCp,  the  annual  operating  cost  is  LaN,  the  total  annual 
cost  is 

A'l  =  MCp  +  LaN, 

and  the  cost  per  h.p.h.  is 

„         A'l       MCp,  ,-  , 

^''=LN  =  -Nr^' ^^5) 

and  the  application  is  as  above. 

Example  52.  A  steam  generating  plant  running  at  80% 
capacity  costs  $50  per  h.p.  If  the  fixed  charges  are  12%  and 
the  operating  costs  are  0.3  cent  per  h.p.h.,  what  will  be  the 
annual  cost  per  h.p.  and  the  cost  per  h.p.h.? 

Solution:  Here  AI  =  1,  L  =  0.8,  p  =0.12,  a  =  $0,003  ^"-d 
C  =  $50, 

whence 

i^i  =  I  X  50  X  o.  12  -f  0.8  X  o.oo^N 


or 

and  also 

or 
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A'l  =  6  +  0.0024A'' (a) 


j.^  I    X   50   X    12     , 


7-50 


K2   =   ^  +  0.00^ (b) 

While  in  the  above  we  have  shown  the  application  of  the 
cost  analysis,  under  special  conditions,  only  to  pumping  and 
power  generation,  it  is  equally  applicable  to  railroad,  road 
analysis,  to  dry  goods,  or  grocery  business. 

PROBLEMS 

1.  A  pumping  plant  of  2000  g.p.m.  capacity  costs  $2100.  The  fixed 
charges  are  13%,  and  the  cost  of  operation  is  35  cents  per  hour.  The  plant 
operates  for  2000  hours  per  year  at  full  load. 

(a)  What  is  the  total  annual  cost  of  operation  per  year? 

(b)  What  is  the  total  cost  of  operation  per  hour  per  thousand  g.p.m.  of 
capacity? 

2.  If  in  problem  (i),  the  plant  operates  for  (A'^)  hours  per  year: 

(a)  What  is  the  total  cost  of  operation  per  year? 

(b)  What  is  the  total  cost  of  operation  per  hour  per  thousand  g.p.m.  of 
capacity? 

(c)  Plot  the  curves. 

3.  An  electric  pumping  unit  of  10  h.p.  size  costs  $240,  while  a  gas  engine 
driven  unit  costs  $600  complete.  The  fixed  charges  in  either  case  are  12%. 
The  cost  of  operation  of  the  electric  pumping  unit  is  2  cents  per  h.p.h., 
while  that  of  the  gas  engine  driven  unit  is  1.2  cents  per  h.p.h.  Determine 
for  what  number  of  hours  of  operation  at  full  load  each  is  best.  Plot  the 
curves. 

4.  A  10  h.p.  gas  engine  electric  lighting  unit  costs  $90  per  h.p.  and  runs 
at  full  load  for  3000  hours  per  year.  The  load  increases  during  the  period 
of  operation  to  15  h.p.  We  can  take  care  of  this  additional  load,  either  by 
installing  another  5  h.p.  unit  as  above,  or  by  putting  in  a  storage  battery 
and  running  the  10  h.p.  unit  more  hours  per  year.  The  battery  costs  $75 
per  kw.  of  capacity  and  has  an  efficiency  of  65%.  The  fixed  charges  on  the 
above  units  are  15%.  The  operating  cost  of  the  engine  unit  is  1.3  cents 
per  h.p.h.  and  of  the  battery  0.2  cent  per  kw.h.  Should  we  install  the 
extra  engine  unit  or  the  storage  battery  for  best  economy? 
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5.  In  problem  (4).  if  the  load  increased  to  20  h.p.,  which  should  we 
install? 

6.  In  problem  (4),  if  the  load  increased  only  to  12  h.p.,  which  should  we 
install  for  best  economy? 

7.  Given  the  following  data:  A  500  kw.  horizontal  4- valve  engine  generat- 
ing unit  costs  $22,700.  The  engine  runs  with  steam  at  150^^  pressure,  100° 
superheat  and  with  a  26  in.  vacuum,  and  uses  16. 5#  steam  per  kw.h.  A 
steam  turbine  generating  unit  of  the  same  size  costs  $12,250  and  operates 
under  the  same  conditions  as  the  steam  engine  unit  except  with  a  28  in. 
vacuum.  It  consumes  17.7^  steam  per  kw.h.  The  plants  are  run  at  full 
load.  If  the  fixed  charges  on  either  plant  are  14%  and  the  steam  costs 
18  cents  per  iooo#,  and  other  operating  costs  are  0.06  cent  per  kw.h.,  for 
what  length  of  service  per  year  is  each  best  adapted? 

8.  A  hydro-electric  power  plant  costs  $120  per  kw.h.  and  operates  at 
60%  of  full  load,  for  (A'^)  hours  per  year.     Determine: 

(a)  The  total  annual  cost  per  kw.  of  the  service; 

(b)  The  cost  per  kw.h.  of  the  service; 

(c)  Plot  the  curves  for  (a)  and  (b). 

9.  We  find  that:  a  hydro-electric  plant  will  cost  $100  per  kw.  to  install 
and  0.2  cent  per  kw.h.  to  operate;  a  Diesel  plant  will  cost  $70  per  h.p. 
to  install  and  0.3  cent  to  operate;  while  a  steam  plant  will  cost  $50  per 
h.p.  to  install  and  0.4  cent  to  operate.  The  fixed  charges  on  the  hydro- 
electric plant  are  14%,  on  the  Diesel  plant  15%  and  16%  on  the  steam 
plant.  The  plants  are  to  operate  at  full  load.  For  what  number  of  hours 
of  operation  is  -each  of  the  above  plants  best? 

10.  A  pumping  plant  of  1000  g.p.m.  capacity  delivers  water  against 
120  ft.  head  with  a  guaranteed  efficiency  of  70%  at  full  load  and  40%  effi- 
ciency at  half  load.  The  plant  costs  $850  to  install.  The  power  costs  one 
cent  per  h.p.h.,  while  fixed  charges  are  12%.  The  plant  operates  at  fuU 
load  for  2000  hours  per  year  and  at  half  load  for  1000  hours  per  year.  Deter- 
mine the  total  annual  cost  of  operation. 

11.  If  in  problem  (10),  the  plant  operated  for  {Ni)  hours  per  j^ear  at  full 
load  and  for  (A^^)  hours  per  year  at  half  load,  what  would  be  the  total  annual 
cost  of  operation? 

12.  In  problem  (11),  plot  the  curve  for  the  variation  of  the  total  annual 
cost  of  production  with  (^"1)  if  A'i-|-A2  =  3ooo  hours. 

13.  We  are  irrigating  100  acres  of  land  for  5  months  in  the  year  with  a 
25  h.p.  direct  connected  electric  centrifugal  pumping  unit  costing  $2200. 
The  pump  efficiency  is  60%,  motor  efficiency  85%,  while  the  head  pumped 
against  is  40  ft.  total.  The  electric  power  costs  1.5  cents  per  kw.h.  The 
plant  runs  at  full  load  for  8  hours  each  day.  We  wish  to  irrigate  300  acres 
of  land  and  can  do  so  with  the  unit  already  installed  by  running  24  hours 
per  day,  in  which  case  the  power  will  cost  us  only  one  cent  per  kw.h.     But 
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in  that  case,  we  must  install  a  reservoir  to  avoid  night  irrigation,  costing 
35  cents  per  cubic  yard  to  excavate  and  having  a  maximum  depth  of  12  ft. 
The  land  costs  Sioo  per  acre.  Fixed  charges  on  the  pumping  unit  are  12%, 
and  other  operating  costs  are  3  cents  per  hour  per  unit.  The  fixed  charges 
on  the  reservoir  are  10%,  with  an  annual  cost  of  S78  for  maintenance  and 
repair.  With  the  reservoir  in  use  the  head  on  the  pump  will  be  increased 
by  4  ft.,  with  a  corresponding  increase  in  power  consumed. 

Instead  of  using  the  above  layout,  we  can  install  two  more  25  h.p.  pump- 
ing units,  the  three  units  operating  for  8  hours  per  day,  or  we  can  install 
one  more  such  25  h.p.  pumping  unit  together  with  sufficient  reservoir  to 
avoid  more  than  8  hours  of  operation.  In  the  case  of  the  three  25  h.p. 
units,  our  power  cost  will  be  1.3  cents  per  kw.h.  and  1.2  cents  for  the  two 
25  h.p.  units.  In  the  latter  case  the  head  will  be  increased  by  2  ft.,  with 
a  corresponding  increase  in  power  consumed. 

Determine  which  of  the  three  possible  types  of  installation  are  best,  and 
by  what  per  cent. 

14.  A  10  h.p.  direct  connected  centrifugal  pump  operates  at  60%  effi- 
ciency at  full  load,  for  2000  hours  per  year.  We  wish  to  operate  for  another 
1000  hours  per  year  with  a  load  of  5  h.p.  If  we  use  the  above  pump,  its 
efficiency  wiU  drop  to  45%,  while  if  we  install  a  5  h.p.  unit  it  will  give 
52%  efficiency.  The  power  costs  2  cents  per  h.p.h.  while  fixed  charges  are 
12%.  Should  we  install  the  additional  unit  or  use  the  10  h.p.  unit  at  half 
load?  By  what  per  cent  would  the  one  exceed  the  other?  The  current  is 
a.c.  60  cy.  3  phase  220  volts. 

15.  We  wish  to  install  a  10  h.p.  electrically  driven  centrifugal  pumping 
plant.  Which  would  be  best,  (a)  a  belt  driven  unit  or  (b)  a  direct  connected 
unit?  Take  into  consideration  cost  of  units,  building  and  toundations. 
How  much  would  we  lose  by  installing  the  poorer  one? 

Assume  a  power  cost  of  2  cents  per  kw.h.,  fixed  charges  10%  and 
1500  hours  per  year  of  operational  full  load  pumping  against  a  soft, 
head. 

16.  Determine  the  same  as  for  problem  (15)  but  for  a  100  h.p.  plant 
with  a  power  cost  of  i  cent  per  kw.h.,  other  things  being  equal. 

17.  Determine  the  same  as  for  problem  (15)  but  for  a  2  h.p.  plant  with  a 
power  cost  of  3  cents  per  kw.h.,  other  things  being  equal. 

18.  Determine  the  same  as  for  problem  (15)  but  for  a  50  h.p.  plant  with  a 
power  cost  of  1.5  cents  per  kw.h.,  other  things  being  equal. 

19.  A  250  h.p.  pumping  plant  is  to  operate  against  a  head  of  100  ft. 
Into  how  many  units  should  we  divide  this  plant  for  best  economy-,  taking 
into  account  cost  of  building  and  foundations?  Power  cost  one  cent  per 
kw.h.,  hours  of  operation  2000  per  year  and  fixed  charges  lo^c- 

20.  Determine  the  same  as  in  problem  (19)  for  a  150  h.p.  plant  operating 
against  50  ft.  head,  other  things  being  the  same. 
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21.  Determine  the  same  as  in  problem  (20)  but  for  a  30  h.p.  plant  operat- 
ing against  25  ft.  head. 

128.  Thus  far  we  have  considered  an  equipment  operating  at 

one  uniform  load  during  the 
entire  year.  If  the  load 
varies  with  the  time,  as 
shown  by  the  curve,  00, 
Fig.  39,  but  not  sufhciently 
so  to  necessitate  the  dis- 
continuance of  operation  of 
part  of  the  plant,  then  for 
any  given  period  we  deter- 
mine the  mean  load  (Lm), 
and  base  our  cost  analysis 
thereon,  instead  of  on  the 
actual,  variable  load  (If).  In  an  electric  generating  plant,  the 
kw.h.  produced,  divided  by  the  time  in  hours,  gives  the  mean 
load.  In  general,  the  total  production  divided  by  the  time 
in  hours  gives  the  mean 
load  or  average  produc- 
tion per  hour,  i.e.,  the 
mean  rate  of  produc- 
tion. 

But  now  suppose  we 
have  a  twin  load  as  illus- 
trated in  Fig.  40,  i.e..  a 
load  of  (L2  +  L\)  for 
(iVo)  hours  per  year  and 
following  that,  a  load  of 
(Li)  for  (.¥1  -  A^)  hours 
per  year.  It  is  our 
problem  then  to  deter- 
mine the  cost  of  production  for  a  given  plant,  already  in  opera- 
tion, or  else  the  more  difficult  and  important  problem  to  so 
design  the  plant  that  the  production  will  be  at  a  minimum  cost. 
In  this  case  the  difference  between  L2  and  L\  is  assumed  to  be 
so  great  that  it  would   be  uneconomical  to  operate  the  entire 


Fig.  40. — Diagram  for  a  two-part  load. 
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plant  for  the  lesser  load,  the  entire    plant  operating   for   the 
load  (Li  +  Lo) 

and 


per  cent  operating  for  the  load  Li. 

The  difficulty  in  the  solution  of  this  problem  comes  in  the 
equitable  distribution  of  fixed  charges,  primarily.  But  this 
difficulty  is  removed  if  you  bear  in  mind  that  an  equipment 
or  unit  thereof  must  earn  its  costs  and  profits  while  in  operation, 
for  certainly  it  cannot  do  so  when  idle.  Suppose  then  that 
this  plant  consists  of  two  units,  one  of  (Li)  size  and  the 
other  of  (Z2)  size.  Evidently  then  the  unit  (Zi)  will  operate 
for  (iVi)  hours  per  year,  while  the  unit  {L2)  operates  for  only 
{N2)  "hours  per  year.  During  the  balance  of  the  year,  above 
(Ni)  hours,  i.e.,  for  A^o  hours  (where  Ni  +  No  =  8760  hours) 
the  load  is  assumed  to  be  zero. 

For  the  unit  (Li)  we  have 

LiCp  =  total  fixed  charges  per  year 
and 

LiaNi  =  total  operating  costs  per  year, 
where 

Li  =  the  load, 

C  =  cost  of  plant  per  unit  of  load, 

p  =  per  cent  of  fixed  charges, 

a  =  operating  cost  per  hour  per  unit  of  load 

A^i  =  number  of  hours  of  operation. 


and 


Whence  the  total  annual  cost  (A'n) 
is 

Kn  =  LiCp  +  LiaNi 
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and  the  cost  per  unit  of  load  (h.p.h.,  kw.h.,  etc.)  per  hour  (i^2i) 

So,  also,  if  only  the  unit  {L2)  were  in  operation  for  the  {No) 
hours,  then  the  total  annual  cost  K\2  being 

A'12'  =  UCp  +  L2aN2 

the  cost  per  unit  of  load  per  hour  is 

K22  -  ^  +  «■ 

The  total  cost  for  operating  the  unit  (L2)  for  (iV2)  hours  is 
K12'  =  L2CP  +  L2aN2 

and  for  operating  the  unit  (Li)  for  N2  hours  the  total  cost  is 
obtained  by  multiplying  the  cost  per  hour  (Eq.  68)  by  the  load 
(Li)  and  the  hours  N2,  i.e.,  by  LxNo,  getting 

A 12    =  — ^ — -  +  LiaN2. 

iVi 

The  total  cost  of  both  units  operating  for  A^2  hours  is  then 
the  sum  of  A'12'  and  A12"  or 

A12  =  A2C>  +  ^^li^^  +  L2aN2  +  LiaNo, 


I.e., 


A12  = 


A2A^i  +  L1N2 
Ni 


^Cp  +  (Ai  +  A2)aiV2, 


and  the  cost  per  unit  of  load  per  hour  is  obtained  by  dividing 
by  the  total  load  (Ai  +  A2)  and  the  hours  N2  or 


K22  =  ( irr^ Ivi^ — r-^-T  +  « 


N1N2 


(Ai  +  A2) 


A2       Ai 

7V2      Ni 


cp 


(Ai  +  A2) 


+  a 


(86) 
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for  the  period  (A^2),  while  for  the  period  (A^i  —  A''2)  it  was,  by 
Eq.  (57) 

i'Vi 

and  nothing  for  the  period  {No) ,  since  the  plant  is  useless  for  this 
period  according  to  the  assumptions  made  in  the  problem. 

The  total  cost  of  operating  the  unit  Li  for  ;Vi  hours  per  year 
is 

A^ii  =  LiCp  +  LiaNi, 

and  that  for  the  unit  Lo  operating  for  N2  hours  is 

A'i2  =  L2CP  +  L2aN2. 

The  total  annual  cost  per  year  of  the  service  is  then 

K  =  Kii  -\-  K12, 
or 

A'  =  (Ai  +  A2)C>  +  a{LiNi  +  A2i\^2), 

and  the  annual  expenditure  is 

A  =  (Ai  +  Ao)CA>  +  a(LiNi  +  L2N2). 

The  expenditure  per  unit  of  service  for  each  period  may  be 
similarly  obtained. 

129.  Example  53.  A  steam  power  plant  costs  $50  per  h.p. 
and  is  of  2000  h.p.  size.  It  carries  a  load  of  2000  h.p.  for  3000 
hours  of  the  year  and  500  h.p.  for  an  additional  2000  hours. 
If  the  cost  of  operation  is  0.3  per  cent  h.p.h.  and  fixed  charges  are 
12%,  determine  the  cost  per  h.p.h.  for  each  period,  the  load  being 
considered  integral. 

Solution:   We  can  determine  the  costs  by  substitution  in  the 
equations,  or  work  them  out  in  detail  as  follows: 
The  500  h.p.  unit  will  operate  for 

3000  +  2000  =  5000  hours. 
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The  annual  operating  cost  of  this  unit  is 

500  h.p.  X  $0,003  X  5°°°  ^^^-  ^  ^7500, 

and  the  fixed  charges  are 

500  h.p.  X  $50  X  0.12  =  $3000, 

so  that  the  total  annual  cost  is 

A'l'  =  3000  +  7500  =  $10,500. 

The  cost  per  h.p.  year  is 

10,500  -^  500  =  $21, 
and  the  cost  per  hp.h.  is 

$21  -^  5000  =  $0.0042. 

During  the  first  3000  hours  we  have  an  additional  load  of 

2000  —  500  =  1500  h.p. 

whose  operating  cost  per  year  is 

1500  h.p.  X  3000  hrs.  X  $0,003  =  $i3)5oo, 

and  the  fixed  charges  are 

1500  h.p.  X  $50  X  0.12  =  $9000. 

The  total  cost  of  this  part  of  the  unit  is 

K\"  =  9000  +  13,500  =  $22,500. 

This  is  for  the  1500  h.p.  unit  during  the  first  3000  hour  period. 
But  during  this  period  we  have  in  use  the  500  h.p.  unit  as  well, 
costing 

500  X  0.0042  X  3000  =  6300, 
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SO  that  the  total  cost  during  this  3000  hour  period  is 

22,500  +  6300  =  $28,800, 

and  since  the  load  is  2000  h.p.,  the  cost  per  h.p.  is 

28,800  -j-  2000  =  $14.40, 

and  since  this  period  is  3000  hrs.,  the  cost  per  hour  during  this 
period  is 

14.40  -h  3000  =  $0.0048  per  h.p.h. 

Summary.     Cost  per  h.p.h.  during  ist   period  $0.0048. 

'  "       2nd      "        0.0042. 


t  i      i  i 


By  substitution  in  the  equations,  we  get 

„  ,  12  X  50  ^ 

A2    =  "^ h  0.003  =  0.0012  +  0.00^  =  $0.0042, 

3000  X  2000 

for  the  second  period,  and 


K2 


or 


_  2000  X  3000  +  2000  X  2000  —  500  X  2000 
2000  X  3000(3000  +  2000) 

X  o.  12  X  50  +  0.003, 

K2  =  0.0018  +  0.003 

=  $0.0048  per  h.p.h.  for  the  second  period,  as  before. 

Example  54.  A  factory  for  the  manufacture  of  a  gas  engine 
costs  $4,000,000  on  which  the  fixed  charges  are  15%.  The 
capacity  of  this  plant  is  600  engines  per  month.  It  supplies 
this  number  of  engines  per  month  during  the  first  five  months, 
and  then  300  engines  per  month  for  the  balance  of  the  year, 
due  to  reduced  demand.  Exclusive  of  fixed  charges,  the  cost 
of  manufacture  of  each  engine  is  $150.  Determine  the  total 
cost  per  engine  (a)  during  the  first  period,  and  (b)  during  the 
second  period. 
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Solution:  If  we  had  a  factory  capacity  of  only  300  engines 
per  month,  its  cost  would  be  $2,000,000  on  which  the  fixed 
charges  would  be  2,000,000  X  0.15  =  $300,000  per  .year,  or 
300,000  ^  12  =  $25,000  per  month;  and  since  300  engines  are 
turned  out  per  month,  this  gives 

2500  ^  300  =  $83.33  per  engine, 

wherefore,  for  the  slack  period,  the  total  engine  cost  is 

The  second  $2,000,000  is  required  for  the  extra  demand  of 
300  engines  per  month  during  the  first  5  months.  The  fixed 
charges  thereon  are 

2,000,000  X  0.15  =  $300,000, 

which  must  be  paid  during  this  5-month  period,  together  with 
Y2  of  the  other  $300,000  of  fixed  charges  or 

j^  X  300,000  =  $125,000. 

Total  fixed  charges  assignable  to  this  first  period  are 

300,000  +  125,000  =  $425,000, 
or 

425,000  -^  5  =  $85,000  per  month. 

During  this  period,  600  engines  per  month  are  manufac- 
tured, wherefore  the  fixed  charges  per  engine  during  this  rush 
period  are 

85,000  -h  600  =  $183.33, 

and  the  total  cost  per  engine  during  the  maximum  demand 
period  is 

183-33  +  150  =  %33-33, 

or  $100  per  engine  more  than  during  the  normal  demand  period. 
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If  these  engines  are  sold  for  $400  per  engine,  the  net  profit 
per  month  during  the  rush  period  is 

(400  -  333-33)  X  600  =  $40,000, 

and  during  the  normal  period  it  is 

(400  -  233.33)  X  300  =  $50,000. 

It  is  no  doubt  surprising  that  the  net  profits  should  be  less 
during  the  rush  period  than  during  the  normal  demand  period, 
but  this  is  due  to  the  large  investment  required  to  accommodate 
this  peak  period.  In  this  case  it  would  be  far  better  to  reduce 
the  size  of  the  plant  so  that  it  could  meet  the  total  annual 
demand  by  producing  engines  at  a  uniform  rate  throughout 
the  year.  This  would  necessitate  the  tying  up  of  capital  on 
product  finished  ahead  of  the  demand.  The  interest  thereon 
must  be  charged  against  these  off-season  engines  plus  the  cost 
of  storage,  but  this  would  hardly  amount  to  more  than  $5 
extra  per  engine  as  compared  with  $100  per  engine  extra  on 
the  first  3000  engines  per  year. 

130.  The  application  to  railway  transportation  problems  is 
exactly  similar  as  illustrated  in  the  following  problem : 

Example  55.  A  branch  railway  60  miles  long  costs  $1,800,000 
for  ways  and  structures.  Freight  cars  cost  $3500  each  and 
locomotives,  one  for  each  20  cars,  cost  $30,000  each.  Freight 
cars  empty  weigh  5  tons  each  and  carry  30  tons  net  weight. 
Locomotives  weigh  30  tons.  Cost  per  ton-mile  for  freight  haul 
is  0.4  cent.  The  freight  load  amounts  to  120  cars  per  day  during 
July,  August,  and  September,  and  to  20  cars  per  day  during  the 
balance  of  the  year.  Besides  this,  passenger  service  is  rendered. 
Passenger  cars  weigh  7  tons,  costing  $5000  each,  and  carry,  on 
the  average,  40  passengers.  Cost  per  ton-mile  of  passenger 
service  is  0.6  cent.  The  passenger  load  amounts  to  4  cars  per 
day  during  June,  July,  and  August,  and  2  cars  per  day  during 
the  balance  of  the  year.  Determine  the  total  cost  per  ton-mile 
during  rush  and  normal  demand  periods  for  passenger  service, 


248  UNIT  COST  DETERMINATION 

also  the  cost  per  passenger-mile ;  the  fixed  charges  on  ways  and 
structures  are  io%,  on  cars  14%,  and  on  locomotives  14%. 

Solution:  The  first  problem  is  one  of  cost  segregation  as 
between  passenger  and  freight  service.  The  proper  basis  is 
evidently  the  ratio  of  the  maximum  demand.  Thus  the  maxi- 
mum demand  of  passenger  service  consists  of 

4  passenger  cars  @  7  tons  each 28  tons 

4  X  40  X  150^^  =  24,000  (wt.  of  passengers)         12     " 
and  I  locomotive  @  30  tons 30    '  * 

Total  weight 70    " 

for  2  X  60  =  120  miles  per  day  or  70  X  120  =  8400  ton-miles 
per  day. 

For  the  freight  service,  the  maximum  demand  consists  of: 

120  cars  per  day  @'  35  tons  (one  way) 4200  tons 

60  empties  returned  for  loads  assumed  @  5  tons 

(one  way) 300 

6  locomotives  (Si  30  tons  (two  ways) 180    ' ' 

so  that 

(4200  +  300)  X  60  =  270,000, 
180  X  120  =     21,600, 

or  291,600  ton-miles  per  day. 

Of  the  $1,800,000  for  ways  and  structures 

■ — X  $1,800,000  =  $52,000  approximately 

291,600 

is  to  be    charged    to   passenger    service,  and    the   balance,  or 
1,800,000  —  52,000  =  $1,748,000,  to  freight  service. 

Of  structures  it  should  be  understood  that  certain  items  must 
be  charged  to  the  particular  service  at  once  instead  of  being 
apportioned.     Freight  sheds  and  yards  should  be  charged  to 
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freight    service    and    passenger    depots    to    passenger    service 
directly,  and  so  forth. 

The  segregation  of  investments  is  then  as  follows: 

TABLE  94 

Passenger  Service 

Cost  F.  C.  rate  F.  C.  total 

Ways  and  structures $52,000  10%  $5,200 

4  passenger  cars 20,000  14%  2,800 

1  locomotive 30,000  14%  4,200 

Total $12,200 

Freight  Service 

Cost  F.  C.  rate  F.  C.  total 

Ways  and  structures '. $1,748,000  10%  $174,800 

180  cars 630,000  13%  81,900 

5  locomotives 150,000  14%  21,000 

Total $277,700 

Segregation  of  Passenger  Fixed  Charge  Costs — Normal  Period 

Ways  and  structures $2,600 

2  passenger  cars 1,400 

I  locomotive 4, 200 

Total $8,200 

$12,200  —  8200  =  $4000. 

The  normal  load  continues  for   12  months,  so  that  the  fixed 
charges  per  month  are 

8200  -^  12  =  $683.33. 

The  excess  load  continues  for  3  months  during  which  the  excess 
fixed  charges  are 

4000  -^  3  =  $1333-33  per  month. 
Total  j5xed  charges  per  month  during  rush  period  are 

^333-33  +  683.33  =  $2016.66 
or 

2016.66  -^  30  =  $67.22  per  day. 
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During  normal   period   it  was  found   to  be  only  $683.33  P^r 
month,  or 

683.33  -^  30  =  $22.77  P^r  ^^y- 

During  the  normal  period,  the  train  weight  is 

Locomotive 30  tons 

2  cars 10    '' 

80  passengers  (5^  1 50;^ 6    " 

Total 46    " 

or  46  X  120  =  5520  ton-miles  per  day. 

Whence    the   fixed   charge   per   ton-mile  is  for  the   normal 
period 

22.77  -^  5520  =  $0.0041 

The  total  cost  per  ton-mile  is 

0.0041  -(-  0.006  —  $0.0101  during  normal  period.         (Ans.)     (a) 
Passenger  miles  per  day  during  normal  period  art 

2  X  40  X  120  =  9600. 

Ton-miles  per  passenger-mile  are 

5520  ^  9600  =  0.575, 

whence  the  total  cost  per  passenger-mile  is 

o.oioi  X  0.575  =  $0.00581.     (Ans.)  (b) 

During  the  rush  period,  the  train  weight  is 

Locomotive 30  tons 

4  cars 20    " 

160  passengers  @,  150^ 12    " 

Total 62    " 

or  62  X  120  =  7440  ton-miles  per  day. 
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Whence  the  fixed  charge  per  ton-mile  during  the  rush  period  is 
67.22  -^  7440  =  $0.00903, 
and  the  total  cost  per  ton-mile  is 

0.00903  +  0.006  =  $0.01503.     (Ans.)       .     (c) 
Passenger  miles  per  day  during  the  normal  period  are 
4  X  40  X  120  =  19,200, 
so  that  the  ton-miles  per  passenger-mile  are 
7440  ^  19,200  =  0.3875, 
and  the  total  cost  per  passenger-mile  during  the  rush  period  is 
0.01503  X  0.3875  =  $0.005824.     (Ans.)     .     (d) 

In  a  similar  way  the  freight  costs  per  ton-mile  during  each 
period  may  be  determined.  Certain  simpHfications,  hardly 
warranted  in  practice,  have  been  made  in  the  above  problem 
in  order  to  illustrate  the  application  of  the  principles  without 
too  much  detail. 

131.  In  former  equations,  it  was  assumed  that  the  size  of 
the  unit  and  the  load  were  equal — i.e.,  the  unit  operated  at  full 
load.     This  is  hardly  ever  the  case.     Suppose  then 

(Li  +  L2)  =  size  of  load  during  the  rush  period, 
{Ml  +  M2)  =  size  of  units  for  the  rush  period, 

N2  =  time  in  hours  (days  or  months)  in  the  rush  period, 
Li  =  size  of  load  during  the  normal  period. 
Ml  =  size  of  unit  for  the  normal  period, 
{Ni  —  N2)  =  time  in  hours  (days  or  months)  in  the  normal 
period, 
C  =  cost  per  unit  of  load, 
p  =  fixed  charges  in  per  cent. 
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and 

a  =  operating  cost  per  unit  of  load  per  hour. 

Then  evidently   the   total   annual   cost   for   the  M\   unit  is 

A'li  =  MiCp  +  LiaNx, (87) 

and  the  cost  per  unit  of  load  is 

if.i  =  fl-^  +  a (88) 

The  total  cost  of  the  excess  load  during  the  rush  period  is 

Kn'  =  M-2CP  +  UaNo. 

During  this  same  period,  we  also  operate  the  {Mi)  unit  whose 
cost  for  .Y2  hours  is 

if,."  =  ^ig^  +  UaN„ 

whence  the  total  cost  for  the  rush  period  is 

A'i2  =  (mo  +  ~^Cp  +  LoaNi  +  LiaNo, 
or 

K,2  =  {m2  +  ^^~)CP  +  {L2  +  Li)aN2,    .     .     (89) 

and  the  cost  per  unit  of  load  per  hour  (h.p.h.,  kw.h.  or  the 
like)  is 

,.  (Ml    ,   M2\      Cp        .  ,    . 

^''- ^  KWi^  ^ru^L2^ ' ^^"^ 

during  the  rush  period  as  compared  with 

_MiCp 
^"-^,11  +  '' 

for  the  normal  period. 
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132.  Limitations  on  the  value  of  (A^i)  must  of  course  be 
observed.  If  the  time  is  in  hours,  then  (iVi)  cannot  be  greater 
than  8760;  if  in  days,  then  it  cannot  be  greater  than  365;  and 
if  in  months,  then  (iVi)  cannot  be  greater  than  12  for  evident 
reasons. 

In  a  great  many  cases  it  is  hardly  sufficient  to  divide  the 
load  into  two  parts.  Electric  service  naturally  divides  itself 
into  three  distinct  periods,  the  day,  peak,  and  night  periods. 
So  the  load  on  a  great  many  undertakings  naturally  divides 
itself  into  three  periods,  the  rush,  normal,  and  slack  periods. 


-Ni > 


T~ 


Li 


H 
Fig.  41. — Diagram  for  a  three-part  load. 

Under  these  conditions,  we  can  determine  the  costs  during  each 
period  as  follows: 

Li  =  the  mean  load  during  the  slack  period, 
Ml  =  the  capacity  of  unit  during  the  slack  period, 
Ni  —  N2  "^  duration  of  the  slack  period, 
(Li  +2.2)=  mean  load  during  the  normal  period, 
(Ml  +  Mo)  =  capacity  of  units  during  the  normal  period, 
A^2  —  A^'s  =  duration  of  the  normal  period, 
(Li  +  L2  +  L3)  =  mean  load  during  the  rush  period, 
(Ml  +  M2  +  Ms)  =  capacity  of  units  during  the  rush  period, 
(N3)  =  duration  of  the  rush  period, 
C  =  unit  cost  of  the  undertaking, 
p  =  per  cent  of  fixed  charges, 
a  =  operating  cost  per  unit  of  load  per  hour, 
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then  for  the  unit  Mi,  the  total  annual  cost  is 

Kn  =  MiCp  +  LiaNu (91) 

and  the  cost  per  unit  of  load  per  hour  is 

j^         Ml  Cp   .  .    . 

^''^Wi-T^-^' ^92) 

This  is  for  the  slack  period. 

The  excess  load  during  the  normal  over  the  slack  period  is 
(Lo)  with  a  corresponding  difference  in  size  of  unit  of  (M2), 
the  total  annual  cost  of  which  is 

A'12'     =  MoCp  +  L2aN2, 

and  the  cost  per  hour  is 

,     _  M.o  Cp 

During  this  period  it  operates  for  {N2  —  N3)  hours,  for 
which  time  the  cost  is 

K12"   =  ^  Cp{N2  -  Ns)  +  L2a(N2  -  Ns) 

IS  2 

to  which  must  be  added  the  cost  of  operating  the  (Mi)  unit 
for  the  same  period,  or 

If" 

Kv2"'  =  ~Cp{N2  -  Ns)  +  LiaiNo  -  N3), 

iVi 

giving  a  total  for  this  normal  period  of 

K,2  =  (^-^  +  ^)CP{N2  -  Ns)  +  (Li  +  L2)a{N2  -  Ns).     (93) 

Dividing  through  by  the  load  (Li  +  L2)  and  the  hours 
{N2  —  N3)  gives  the  cost  per  unit  of  load  per  hour,  or 

„  /Ml    ,   M2\        cp        .  .     . 

which  is  identical  with  Eq.  (90). 
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For  the  rush  period  the  total  cost  of  operating  the  excess 
unit  (Ms)  is 

Kis'  =  MsCp  +  LsaNs. 

The  cost  of  operating  the  units  (if 2  +  Mi)  for  N3  hours  is 
obtained  by  multiplying  Eq.  (90)  by  the  load  (Li  +  L2)  and 
the  hours  N3,  or 

K13"  =  (f^  +  w)^^^'  +  ^^'  ^  ^'^''^'• 

The  total  cost  of  operation  during  the  rush  period  is  the 
sum  of  K13'  and  K13",  or 

Kis  =  \ms  +  (f^  +  w)^']^^  "^  ^^'  ^  ^'  +  ^'^''^''     ^95^ 

so  that  the  cost  per  hour,  obtained  by  dividing  Eq.   (95)  by 
(Li  +  Z2  +  L3)N3  is 

(Ml  ^  M2  ^  M3\  Cp  .   ,. 

^''=\N-i^m^  W3J  {Li  +  L2  +  L3)  +  "  •     ^96) 

If  we  had  (Af)  divisions  in  our  load  instead  of  only  three  as 
above,  then  the  costs  during  the  wth  period  can  be  written  at 
once  by  symmetry,  getting 

•      +  {Li+  L2  +  .  .  .  +  L,)  X  a{Nn  -  Nr,  +  i)       (97) 
total  cost  during  the  period,  and  therefore 

(Ml      M2   ,  ,M,\ Cp  ,         ,  .. 

133.  We  wish  to  call  particular  attention  to  the  term 

Ml     ,M2  Mn 

Ni       N2  N„ 
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which  we  shall  call  the  service  modulus,  and  denote  by  (S), 
so  that 

«       Ml 

„    _  Ml    .M2 
Ni        No 

„        Ml    .M2    .Ms     .^ 

„  Ml      .     M2     .  ,     Mn  /       N 


and 


We  shall  also  denote  by  Ln  the  total  load  during  any  period, 
so  that 

Ln      =   Ll    -\-  Lo   -\-   .   ■    .    -{-  Ln, 

whence  we  may  rewrite  Eqs.  (92)  to  (98)  above  as  follows: 

K21  =  5i  -^  +  a (100) 

^1 

K22  =  Soy^,  -\-  a, (lOl) 

L2 

K23  =  53-p^  +  a, (102) 

i-3 


and  in  general 


K2n  =  Snj~  -\-  a (103) 


134.  If  we  plot  the  time  (.V)  vertically  and  (S),  the  service 
modulus,  horizontally  as  in  Fig.  42,  then  the  area  is  the  size  of 
the  unit  (M)  required  for  the  period.     Thus 

so  that 

SiN'i  =  Ml,  etc.,  the  size  unit  required. 
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-St- 


In  determining  the  costs  of  an  undertaking,  the  work  is 
greatly  simplified  by  first  determining  the  service  modulus  after 
which  the  costs  for  each  period  may  be  written  down  at  once. 

Example  56. — A  cer- 
tain plant  carries  a  load 
as  follows:  first  period, 
4000  hours  per  year,  mean 
load  400  kw.,  maximum 
500  kw.;  second  period. 
2000  hours,  mean  load 
800  kw.,  maximum  locc 
kw. ;  third  period,  maxi- 
mum 2000  kw.,  mean  load 
2000  kw.,  time  2000  hrs.  First  cost  per  kw.  S70,  fixed  charges 
10%,  and  operating  cost  0.35  cent  per  kw.h.  Determine  the 
cost  per  kw.h.  during  each  period. 

Solution:  In  this  case  the  service  modulus  iS'.i)  for  the  third 
period,  where 


No 


Fig.  42. 


M\  =  500, 
Ml  =  1000  —  500, 
Ms  =-  2000  —  1000, 
L.i  =  2000  kw.h.. 


iVi  =  8000, 
No  =  4000, 
iVs  =  2000, 


is  equal  to 


Sz  = 


500        1000 


;oo    ,    2000 


1000 


2000 


or 


8000  4000 

5*3    =   0.0625   +0.125   +0.5    =    0.6875. 

Whence  the  cost  per  kw.h.  during  this  period  is 

A23  =  0.6875  X h  0.0035, 

2000 

K23  =  0.0024  -f  0.0035  =  $0.0059  per  kw.h.      (Ans.) 

Similarly  the  costs  during  the  first  and  second  periods  may  be 
determined. 
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135.  In  general,  we  had  for  the  service  modulus, 

^    _  Ml       Mo   .  .   Mjt-i   ,   Mn 

Ni       No  Nn_i       N„ 

for  (n)  periods. 

For  the  (ii  +  i)st  period,  it  is 


^             Ml 

,Mo 

No 

+ 

+ 

M„_x 

iVn-1 

+ 

M„ 

Nn 

+ 

+ 1 
+ 1 

in  difference  between  the  two  being 

'^11  + 

I 

Sn 

;= 

7\7 

When  the  number  of  periods  is  indefinitely  increased,  then 
this  difference  becomes  indefuiitely  small  and  we  may  write 

«J „  _f.  1  On    ^^    "O  . 

At  the  same  time  M,,  +  i  becomes  very  small,  so  that  we  may 
write 

Mr,  +  i=  dM, 
whence 


and  therefore 


^-^  =  ^: (104) 

S  =  J'^jf  +  B,      .     .     .     (105) 

when  B  =  a,  constant  of  integration. 

The  determination  of  the  constant  of  integration  may  offer 
some  difficulty.  Since  the  limits  of  integration  are  from  8760 
hours  to  o  hours,  we  must  use  one  of  these  limits  in  determin- 
ing this  constant.  This  must  be  the  former.  For  we  do  not 
know  the  value  of  (S)  when  N  =  o,  but  when  N  =  8760,  then 

Ml        Ml 

S  =  Si  =  — -  =  ;^^,  where  (Mi)  is  the  load  when  N  =  8760. 
iVi       8760  ' 


So  then 


Ml 
B  =  ^  ^  ,  and  our  formula  becomes 
8760 

^  ^    fdM   ,    Ml 


/  dM        Ml  ... 
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The  integration  is  really  carried  out  from  right  to  left  instead 
of  the  usual  order. 

At    the    same    time    the    difference   between    the   maximum 
demand  (M)  during  a  given  period  and  the  mean  load  vanishes, 

so  that 

L  =  M 


and  the  cost  per  unit  of  load  per  hour  becomes 


(107) 


136.  If  we  plot   the  hours  of  operation  horizontally   as  in 


Fig.  43. 

Fig.  44A  and  the  load  (M)  vertically,  then  we  get  a  load-hour 
curve  as  00'.  On  the  other  hand,  if  we  plot  {N)  vertically 
as  before  and  the  service  modulus  (S)  horizontally  as  in  Fig. 
43,  then  the  area  under  the  curve  thus  obtained  equals  (M). 
This  we  can  prove  as  follows.     The  area  (A)  under  the  curve  is 

dA  =  NdS. 
But 

dM 


dS  = 


iV' 
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or 

so  that 
and 
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dM  =  NdS, 
dA  =  dM, 
A  =  1/ .  as  stated. 


The  N-S  diagram  is  of  special  interest  because  it  shows  at 
once  the  load,  hours  of  service,  and  service  modulus. 

Ordinarily  the  load  curve  is  given  as  in  Fig.  44A.  This  is 
the  load  curve  as  it  is  obtained  from  a  graphical  recording  watt- 


730   1460   2190   2920   3650   43S0   5110  5840   6570  7300   8030  8760 
Ildurs 

Fig.  44" a  and  44-B. — Replot  of  a  typical  power  plant  load. 

meter,  the  horizontal  distance  being  the  calendar  time.  But 
to  obtain  even  a  roughly  approximate  equation  between  the 
load  {M)  and  the  time  (A^)  would  be  impracticable  for  such  a 
curve  even  if  it  were  not  impossible. 

For  use  in  cost  analysis,  a  replot  is  necessary  in  order  to 
simplify  the  curve.  The  replot  is  made  in  descending  values 
of  {M).  In  order  to  do  this,  first  plot  on  the  ordinate  {OM), 
Fig.  44B,  the  point  {Mq)  being  the  maximum  instantaneous 
value  of  the  load  {M)  for  the  year.     Then  draw  a  horizontal 


REPLOTS 


261 


line  as  AB,  in  Fig.  44A,  at  a  height  (Mi).  Then  the  number 
of  hours  that  the  system  oj)erates  at  a  load  Mi  or  o\er  is  given 
by  the  sum  of  the  intercepts  as  shown,  having  a  total  value  of 
(Ni).  With  coordinates  (Mi)  and  (Ni)  we  can  now  plot  the 
point  (P)  in  Fig.  44B.  By  shifting  the  horizontal  line  A  B, 
Fig.  44A,  we  can  thus  get  as  many  points  as  we  desire  on  the 
replot  of  Fig.  44^  and  thus  determine  this  curve.     The  equa- 
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Fig.  45- — Load  curve  and  replot  of  the  Portland  Central  Heating  Co. 


tion  for  this  is  comparatively  very  simple,  a  common  algebraic 
equation  of  the  third  degree  usually  giving  a  sufficiently  close 
approximation.  In  Fig.  45,  we  show  the  load  curve  and  replot 
of  the  Portland  Central  Heating  Co.  from  August  to  December, 
1914. 

137.  Example  57.     For  a  certain  power  plant,  the  load  hour 
equation  is  found  to  be 


M  =  12,000  —  0.000 1 5iV2. 
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The  cost  per  kw.  of  the  installation  is  S70  and  the  fixed  charges 
10%.  If  the  operating  costs  are  0.2  cent  per  kw.h.  determine 
the  total  cost  per  kw.h. 

Solution:   Here  t/M  =  -  o.ooo3iV^7V, 
and 


5  =  J  —  =  -0.0003J 


NdN 
N   ' 


so  that 
When 

then 

for  which 


5  =  -  0.0003.V  -^  B (a) 

N  =  8760  hrs., 

M  =  12,000  —  0.00015  (8760)^  =  490  kw., 


5  =   49^  =  0.056. 
8760  ^ 


Substituting  these  values  in  Eq.  (a)  above,  we  get 
0.056  =  —  0.0003  X  8760  +  B 
B  =  0.056  4-  2.628  =  2.684. 
So  that  Eq.  (a)  becomes 

S  =  2.684  ~  0.0003 A'', 
and  the  cost  per  kw.h.  is 

r^             2.684   ~   O.OOO^iV 
A2    =    7T —  70    X   O.  10   +  0.002, 

M 
or 

r^              18.788   -  O.OO21A/'       , 
A2 — ;   +   0.002. 

12,000  —  o.oooisA'- 

We  may  tabulate  values  of  the  cost  per  kw.h.  for  various 
values  of  N,  as  follows: 
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.V 

A-, 

N 

A'o 

o 

0.0035 

5000 

0.00300 

lOOO 

0.0034 

6000 

0.002Q4 

2000 

0.0033 

7000 

0.00288 

3000 

0.0032 

8000 

0.00283 

4000 

0.0031 

8760 

0.00280 

You  will  note  that  the  cost  of  production  of  power  is  least 
during  the  periods  of  least  load  and  greatest  during  the  periods 
of  greatest  loads.  If  now,  the  price  or  rate  is  made  throughout 
proportionate  to  the  cost,  as  it  should  and  must  be,  the  rate 
will  be  lowest  during  the  periods  of  lightest  load,  thus  encourag- 
ing the  filling  of  the  valleys  in  the  power  plant's  load  curve, 
reducing  throughout,  thereby,  the  cost  and  rate  of  the  power 
service. 

In  general,  the  cost  K2  per  unit  of  ser\'ice  during  any  instant  is 


K2  = 


SCp 
M 


+  a. 


This  cost  is  inclusive  of  the  interest  charge  on  the  investment 
required  for  the  service  at  that  particular  time.  The  actual 
cash  expenditure  x  per  unit  of  service  at  the  same  instant  is 
evidently 

SCD   , 


X  = 


M 


where,  as  heretofore,  D  is  the  depreciation  rate. 

Unless  we  know  what  the  cost  K2  and  the  expenditure  x  are, 
but  know  only  the  selling  price  j,  how  can  we  tell  whether  the 
rendition  of  the  service  is  highly  profitable  or  represents  a  dead 
loss?  The  price  of  any  particular  item  of  service  may  be  far 
above  K2,  in  which  case  we  would  be  warranted  in  spending 
money  to  increase  this  business;  or  it  may  be  not  only  below 
K2  but  even  below  the  expenditure  x.  Unless  we  know  posi- 
tively what  the  cost  and  the  expenditure  are,  we  cannot  properly 
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shape  the  policy  of  the  undertaking  as  to  whether  we  should 
endeavor  to  get  more  of  a  particular  business  or  refuse  it. 

In  all  problems  where  the  load  varies  continuously,  and  the 
problem  is  so  treated,  the  load  curve  must  always  be  plotted 
in  such  a  way  that  it  slopes  downward  continually  from  left  to 
right,  as  in  Fig.  44  B,  so  that  a  horizontal  line  cuts  the  curve  in 
only  one  point.  Otherwise,  correct  results  for  the  service 
modulus  will  not  be  obtained.  The  integration  must  be  carried 
out  from  right  to  left. 

PROBLEMS 

1.  A  10  h.p.  pumping  plant  runs  at  full  load  for  a  variable  number  of 
hours  per  year.  It  costs  $500  with  10%  of  fixed  charges.  The  cost  of  opera- 
tion is  20  cents  per  hour.  Determine  the  total  annual  and  unit  cost  of 
production  of  the  service.     Plot  the  curves. 

2.  A  25  kw.  electric  lighting  plant  carries  a  load  of  25  kw.  for  1000  hours 
per  year  and  a  load  of  15  kw.  for  an  additional  3000  hours  per  year.  Deter- 
mine the  total  annual  and  unit  cost  of  production  of  the  power,  if  the  plant 
costs  $80  per  kw.  of  capacity,  with  12%  fixed  charges  and  operating  costs 
of  1.2  cents  per  kw.h.  delivered. 

3.  A  power  plant  cost  $60  per  h.p.  installed,  with  fixed  charges  of  12%. 
The  operating  costs  are  0.3  cent  per  h.p.h.  The  plant  carries  a  mean  load  of 
1800  h.p.  for  400  hours  per  year.  During  this  400-hour  period  the  maxi- 
mum demand  is  2200  h.p.  During  the  balance  of  the  year,  the  plant 
carries  a  mean  load  of  600  h.p.  with  a  maximum  demand  of  700  h.p.  Deter- 
mine the  total  annual,  and  the  unit  cost  of  production  of  the  service  during 
each  period. 

4.  A  IOC-mile  branch  railroad  is  built  having  a  capacity  of  200  cars  of 
freight  per  day,  and  costing  $2,000,000.  The  fixed  charges  are  13%.  The 
cost  of  operation  is  15  cents  per  car-mile  loaded  and  10  cents  per  car-mile 
empty.  During  two  months  in  the  year,  the  system  carries  an  average  of 
180  loaded  cars  out,  wdth  a  maximum  of  200,  and  an  average  return  of  50 
loaded  cars  with  a  maximum  of  60.  During  the  balance  of  the  year,  an 
average  of  80  cars  per  day  is  carried  out  to  the  main  line  loaded,  with  a 
maximum  of  100  and  there  is  an  average  return  of  20  cars  with  a  maxi- 
mum of  30.  Cars  cost  $3000,  locomotives  $20,000,  with  a  capacity  of  20 
cars.  The  weight  of  each  locomotive  is  the  same  as  a  loaded  freight  car. 
Determine  the  total  annual  and  unit  cost  of  service  per  car-mile  during 
each  period. 

5.  A  steam  engine  generating  plant  costs  $75  per  kw.  of  capacity,  with 
10%  fixed  cb.arges.     It  carries  a  mean  load  of  5000  kw.  for  60  hours  per 
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year,  with  a  maximum  of  8000  kw.,  a  mean  load  of  3000  kw.  for  1500  hours 
per  year  with  a  maximum  of  4000  kw.  and  a  mean  load  of  1000  kw.  for  the 
balance  of  the  year,  with  a  maximum  of  1500  kw.  The  cost  of  operation 
0.1  cent  per  kw.h.  with  a  mean  load  of  5000  kw.,  0.12  cent  per  kw.h. 
when  the  mean  load  is  3000  kw.h.  and  0.14  cent  when  the  mean  load  is 
1000  kw.  Determine  the  total  annual,  and  unit  cost  of  production  of  the 
service  during  each  period. 

6.  What  could  we  afford  to  pay  per  kw.  of  capacity  for  a  turbo-generating 
plant  to  take  the  place  of  the  steam  engine  generating  plant  of  problem  (5), 
if  its  costs  of  operation  are,  for  the  mean  load  of  5000  kw.,  0.12  cent,  for 
the  mean  load  of  3000  kw.,  0.14  cent  and  for  the  mean  load  of  1000  kw., 
0.17  cent,  other  things  being  equal? 

7.  A  power  plant  has  an  annual  load-hour  curve  as  given  by  the  equation 

M  =  5000  —  loiV  +  o.oo24N^ 

and  the  cost  of  operation  per  h.p.h.  is  0.2  cent.  The  first  cost  of  the  plant 
is  $50  per  h.p.  of  capacity  installed,  with  12.5%  fixed  charges.  Determine 
the  total  annual,  average  unit,  and  true  unit  cost  of  production.  Plot  the 
curve  of  the  variation  of  true  unit  cost  with  the  variation  of  the  load. 

8.  A  power  plant  carries  a  load  as  given  by  the  equation 

M  =  50,000  —  $N. 

The  first  cost  of  the  plant  is  S40  per  h.p.  of  capacity,  installed,  with  10% 
fixed  charges.  The  cost  of  operation  per  h.p.h.  varies  according  to  the 
equation 

A  =  0.3  —  0.0000043/. 
Determine 

(a)  The  total  annual  cost  of  production  per  h.p. 

(b)  The  average  cost  of  production  per  h.p.h. 

(c)  The  true  cost  of  production  per  h.p.h. 

(d)  Plot  the  curve  of  the  variation  of  the  true  cost  of  production  of  the 
service  per  h.p.h.  with  the  variation  of  the  load. 


CHAPTER  V 

DETERMINATION  OF  SIZE  OF  SYSTEM  FOR  BEST 
FINANCIAL  EFFICIENCY 

Variable  Operating  Cost.  Total  Production  Cost.  Determination  of 
Equation  of  Actual  Load  Curve.  Analysis  of  Heat  Transmission. 
Point  of  Best  Financial  Efficiency.  Determination  of  Size  of  System 
for  Best  Financial  Efficiency. 

138.  In  the  past  we  have  assumed  that  the  operating  cost 
per  h.p.h.  was  a  constant.  This  is  far  from  true,  especially 
in  smaller  sized  plants  and  this  consideration  must  modify 
our  conclusions  considerably  where  best  economy  is  sought. 
So  also  within  any  large  plant,  the  unit  operating  cost  at  full 
load  will  be  considerably  less  than  at  fractional  loads. 

If  then  we  call  ai,  a2,  as,  etc.,  the  operating  costs,  during 
given  periods  and  corresponding  loads,  we  can  determine  our 
costs  as  before,  but  modified  by  this  variation  in  operating  cost. 

For  the  first  period,  then,  the  total  annual  cost  Kn  is 

A'li  =  MiCp  +  LiaiNi, 

and  the  cost  per  h.p.h.  is 

_Mi   cp 

During  the  second  period,  the  total  cost  for  the  excess  load  is 
A'12'  =  M2CP  +  Loao'No, 

where  a2    is  the  excess  operating  cost  per  h.p.h.  required  over 
that  of  the  first  period. 
The  cost  of  operating  the  unit  Li  for  the  N2  hours  is 

Kv2"  =  ^cpN2+LiaiN2, 
iVi 
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SO  that  the  total  cost  of  the  second  period  is  the  sum  of  K'  12 
and  Kv2" ,  or 

K,2  =  (^  iV2  +  M'^cp  +  iUcn  +  L2a-^N2  ■     (108) 

If  we  now  call  a  the  mean  operating  cost  for  the  load  {L\  +  L2) 
then 

{L\ai  +  1/2^2)  =  {L\  +  ^2)^, 
and 

A'i2  =  {^N2  +  mXp  +  (Li  +  L2)aN2. 

The  cost  per  h.p.h.  during  this  period  is  then 

K2.=  (^+'^)      '^       +a. 
So  in  general 

-tv2re    =   Sn,'  -j—f   -\-  dm 

where 

hn    =  L,\  -\-  L,2  -\-  •  •  •  -\-  Ln, 

and  the  service  modulus 

„      _Ml  M2     ,  _,     Mn 

^''~  N,    N2^'"'^  n: 

And  so,  also,  when  the  length  of  the  period  becomes  infini- 
tesimal, then 

K2  =  S%  +  a, 
M 


where 

N 


5=1  -^^  as  before,  and  (a)  is  variable. 


Knowing  then  M  =  J{N) ,  and  a  =  F(M)  either  by  exact  or 
approximate  equation,  a  complete  solution  of  the  costs  can  be 
made,  either  of  an  existing  system,  or  in  advance  of  its  con- 
struction. 
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139.  One  of  the  advantages  in  using  instantaneous  costs 
per  li.p.h.  as  given  by  the  equation 

M 

is  that  the  conditions  for  minimum  costs  can  be  determined 
by  the  usual  method  of  equating  the  first  differential  to  zero, 
and  the  system  designed  to  meet  these  conditions. 

If,  in  the  cost  determination,  the  entire  system  is  treated  as 
a  unit,  so  that  the  costs  include  the  transmission  and  distribu- 
tion as  well  as  plant  costs,  then  the  above  determination  for 
minimum  costs  will  determine  both  the  size  of  plants  and  the 
corresponding  areas  of  distribution  for  any  given  set  of  con- 
ditions, such  that  maximum  financial  efficiency  will  be  attained, 
i.e.,  so  that  the  service  will  be  rendered  at  least  cost. 

In  determining  the  best  size  of  a  system  for  minimum  cost, 
we  must  consider  the  unit  first  cost  {c)  of  the  system  as  vari- 
able, since  this  varies  with  its  size.  Once  this  size  is  deter- 
mined, (c)  becomes  fixed  and  has  a  definite  constant  value. 

Since  the  instantaneous  production  '  cost  per  unit  of  size 
(h.p.)  per  hour  is 

^-(4  +  «> 

the  cost  per  hour  for  the  size  {M)  will  be 
K2'  =  Sep  +  Ma, 
and  the  total  production  cost  per  year  will  be 

X8760  /'STGO 

ScpdN  -{-    I       MadN.       .     .     (109) 

The  condition  for  minimum  total  production  cost  is  then 

dK  ^ 
dM      °' 
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The  operating  cost  varies  not  only  with  the  size  of  the  units 
but  also  with  the  per  cent  of  full  load  that  they  are  carrying, 
because  their  efliciencies  vary  with  fractional  loads  often  very 
greatly.  The  handhng  of  the  entire  subject  is  quite  complex, 
but  this  should  give  peculiar  satisfaction  to  engineers,  for  it 
insures  that  in  future  the  matter  must  be  taken  out  of  the 
hands  of  amateurs. 

Example  58.  A  power  plant  carries  a  load  as  shown  in 
Fig.  46.  If  the  cost  of  the  plant  per  h.p.  is  $50,  fixed  charges 
are  12%,  and  the  operating  cost  per  h.p.h.  is  0.8  cent,  determine: 

(a)  The  cost  per  h.p.h. 
{b)  The  total  annual  cost. 
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Fig.  46. — Load  cun-e  for  example  58. 


Solution:  The  first  step  necessary  is  to  determine  the  equa- 
tion of  the  curve  shown  in  Fig.  46.  In  order  to  do  this,  we 
assume  the  equation  to  be 


M  =  Mo  +  AN  +  Bm  +  CN^  +  Dm. 


.     {a) 
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The  longer  the  equation,  i.e.,  the  more  constants,  the  more 
nearly  we  can  approximate  to  the  true  curve.  For  each  con- 
stant in  the  equation  we  can  make  the  approximate  curve  run 
through  one  point  on  the  true  curve.  Thus  in  the  above  equation 
(a) ,  there  are  five  constants,  and  we  can  therefore  make  the  approx- 
imate curve  run  through  five  points  on  the  true  curve  given.  If 
we  had  another  term  {EN^)  then  we  could  make  it  run  through 
a  sixth  point  and  therefore  approximate  to  the  true  curve  just 
so  much  more  closely. 

If  we  express  {M)  in  thousands  of  kilowatts  and  {N)  in  thou- 
sands of  hours,  then  we  can  choose  the  following  five  points 
of  the  true  curve  through  which  to  make  the  approximate  curve, 
as  given  by  equation  (a)  run.     Thus,  when 

N  =  o,  M  =  5, 

N  =  2,  M  =  4, 

iV  =  4,  M  =  2, 

AT  =  6,  M  =  I, 

iV  =  8,  M  =  0.9. 

Substituting  in  equation  (a),  the  value  N  =  o  and  if  =  5, 
we  get  Mo  =  5,  so  the  equation  becomes 

Mo  =  s-\-  AN  -{-  Bm  +  CN^  +  Dm.      .     .     {b) 

Our  task  is  now  to  determine  the  values  of  ^ ,  B,  C,  and  D. 
We  shall  follow  this  through  in  considerable  detail. 

Substitute  in  equation  {b)  the  value  N  =  2  and  M  =  4,  and 
we  get 


or 


4  =  5  +  2^  +  45  +  8C  +  16D, 

o  =  I  +  2^  +  4^  +  8C  +  16Z) (c) 
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Then  substitute  in  equation  (b)  the  values  N  —  4  and  M  =  2, 
and  we  get 

2  =  5  +  4^  +  i65  +  64C  +  256Z), 
or 

o  =  3  +  4_4  +  i65  +  64C  +  2s6D.      .     .     .     (d) 

The  substitution  in  equation  (b)  of  the  values  N  =  6,  M  =  1, 
gives 

o  =  4  +  6^4  +  365  +  216C  +  1296Z), 
or 

o  =  2  +  3^  +  i85  +  108C  +  648D.     ...(e) 

And  finally  the  substitution  of  the  values  N  =  8,  M  =  0.9 
gives 

o  =  4.1  +  8^  +  645  +  512C  +  4096D.   .     .      (_/■) 

We  have  thus  the  four  following  equations: 

o=i  +  2^+45  +  8C+  16D,       .     .     .     .     (c) 

o  =  3  +  4^1  +  i65  +  64C  +  256Z),       .     .     .     (d) 

0  =  4  +  6^+  36^  +  216C  +  1296Z),  ...(e) 
and 

o  =  4.1  +  8^  +  645  +  512C  +  4096!).    .     .     (/) 

We  can  now  eliminate  (A)  between  equations  (c)  and  (d)  by 
multiplying  Eq.  (c)  by  2  and  subtracting  from  Eq.  (d),  thus 

0  =  2+4^+    85  +  16C  +    32Z) 

o  =  3  +  4^  +  i65  +  64C  +  2s6D  .     .     .     .     (d) 

subtracting,  0=1  +    85  +  48C  +  224D  .     .     .     .     (g) 

We  can  also  eliminate  (A)  between  equations  (c)  and  (e)  by 
multiplying  the  former  by  3  and  subtracting  from  the  latter, 
thus 

O  =  3  +  6yl   +   125  +  24C     +  48D 

o  =  4  +  6^  +  365  +  216C  +  1296Z) 
subtract  0=1      +  24B  +  192C  +  1248Z)  ...(h) 
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And  finally,  we  can  get  a  third  equation  with  (A)  eliminated, 
by  multiplying  Eq.  {d)  by  2  and  subtracting  from  Eq.  (/),  thus 

o  =     6  +  8yl    +  325  +  128C  +  5i2£> 
o  =  4.1  +8^1+  64^  +  512C  +  4096Z) 
subtract     o  =  -  1.9  +  32B  +  384C  +  3584/)       .     (/) 

This  gives  us  the  three  following  equations: 

o  =  I  +  85  +  48C  +  224D (g) 

o  =  1  -\-  24B  -\-  192C  +  1248D (//) 

o  =  -  1.9  +  32^  +  384C  +  3584^-  •     .     .  (0 

We   now   proceed    to   eliminate    (B)    from    these   equations. 
Multiply  Eq.  (g)  by  3  and  subtract  from  Eq.  (h).     This  gives 

0  =  3  +  24B  +  144C  +    672Z> 
0=1  +  24B  +  192C  +  i248Z> 
subtract     o  =  -  2  +    48C  +    576D (/) 

Also  multiply  Eq.  (g)  by  4  and  subtract  from  Eq.  (/). 
This  gives 

o  =  -  4     +  32B  +  192C  +    896D 

o  =  -  1.9  +  32B  +  384C  +  3584/^ 
subtract     o  =  -  5.9  +  192C  +  2688D     .     .     .     .     (k) 

We  have  now  only  the  two  equations  following,  with  only 
two  unknowns,  C  and  D. 

o  =  -    2  +  48C  +  576/). (i) 

o  =  -  5.9  -f  192C  +  268SD. (k) 

Multiply  Eq.  (j)  by  4  and  subtract  from  Eq.  (k).     This  gives 

o  =  —  8     +  192C  +  2304D 

o  =  -  5.9  +  192C  +  2688£> 

subtract     o  =  —  2.1  +    384Z) 
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So  that 

D  = —  =  -  0.00547. 

384 

By  substituting  this  value  of  D  in  Eq.  (7),  we  get 

o  =  -  2  +  48C -^  X  576, 

384 
or 

o  =  -  2  +  48C  -  3-I5- 
So  that 

^       515 

C  =  ^^-^  =  o.  1073. 

We  have  now  the  values  of  both  C  and  D.     Substituting 
these  in  Eq.  (g)  gives 

,    „o    ,   48  X  5.15  vx  2. 1 

o  =  I  +  85  +  ^^^ ^-^  -  224  X  -— , 

48  384 

or 

o  =  I  +  85  +  5.15  -  1.225. 
So  that 

o  =  85  +  4-925. 
and 

8  ^ 

Dividing  equation  (c)  by  2  gives 

o  =  0.5  +  ^  +  25  +  4C  +  8Z), 

and  substituting  the  values  found  for  5,  C,  and  Z)  gives 

o  =  0.5  +  ^  -  I. 23125  +  0.429167  -  0.04375, 
or 

o  =  0.929  —  1.275.4, 
so  that 

A  =  0.346. 

Substituting  these  values  in  Eq.  (b),  we  get 
M  =  5  +  0.346.Y  -  0.6156.Y-  +  0.1073.Y3  _  o.oo547A^4       (/) 
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as  the  approximate  equation  of  the  curve.  The  crosses  (x)  in 
Fig.  46  indicate  points  calculated  from  this  equation.  The 
conformation  is  very  close. 

We  can  now  determine  the  service  modulus  (S),  since  by 
Eq.  (/) 

dM  =  (0.346  -  i.23i2iV  +  o.32i9iY2  -  o.o2iSSN^)dN, 


c  _    I  (0-346  -  i.23i2iY  -I-  0.3219^2  -  o.o2i88N^)dN 


f 


N 
or 

S  =  0.346  logeY  —  i.23i2iV  +  o.i6ioA-  —  0.007291V2  +  C  (m). 
Where  C  is  a  constant  of  integration.  By  Eq.  (/),  when 
N  =  8.760,  M  =  0.71,  so  that  when  N  =  8.760 

5  =  ^  =  0.08105. 
8.760 

Substituting  this  value  of  (S)  and  of  (N)  in  Eq.  (m),  gives 

0.08105  =  0.346  X  2.1702  —  1. 2312  X  8.76  +  0.161 

X  (8.76)^  -  0.00729  X  (8.76)3  +  C, 
so  that 

C  =  2.6612 
and 

5  =  0.346  log.Y—  1. 23i2iV+o.i6iY2  — 0.00729^3-1-2.6612.        (n) 

The  cost  per  kw.h.,  is 

^  =  ^  +  ^' 
M 


or 


5  S 

K  =  so  X  0.12—-  +  o.ooS  =  6-—  +  0.008. 
M  M 
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Substituting  the  values  of  (5)  and  (M)  found,  we  get 

^  ^  6(0.346  loge/V  -  1. 23 1 27V  +  o.i6iiV-  -  o.oojigN'-^  +  2.6612) 
1000(5 +0.346  A^— 0.61 56A^2_|_QjQy2^3_QQQ^^y^4 

+0.008 (p) 

as  the  cost  per  kw.h.  in  terms  of  N.     (Ans.  a.) 

The  total  cost  per  hour  for  the  load  (M)  is 

K'  =  6ooo5  +  0.008M  X  looo^  =  6ooo5  +  8000 Af, 

where   (M)  is  expressed  in  thousands  of  kilowatts  and  N  in 
thousands  of  hours. 

The  total  production  cost  per  year  is 

X8.760  rn.iGo 

K'dN  =  6000  I        5  dN 

/  8.760 

+  8000  I         M  dN {q) 

The  integral 

I  SdN  =  Mo,  the  maximum  piant  size. 

(On  this  see  section  136,  page  259  and  section  143,  page  291.) 
In  this  case 

Mo  =  5000. 

The  total  fixed  charges  per  year  are 

6J  SdN  =  6  X  5000  =  $30,000. 

The  number  of  millions  of  kilowatt-hours  (thousands  of  kilo- 
watts multiplied  by  thousands  of  hours)  produced  per  year  is 
given  by 

(5  +  o.346iV  -  0.6156.V2  ^  o.io73iV3  -  o.oos47N'^)dN 
=  (sN  +  o.i73iV-  -  o.2052.¥-'^  +  o.o2682A^'*  -  o.ooi094iV5)^^-^^ 
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=  5  X  8.76  —  0.173  X  76-7376  —  0.2052  X  672.2214 
+0.02682  X  5888.6595  —  0.001094  X  51584.66 

=  43.80  -  13.276  -  137.94  +  157-934  -  56.434 
=  20.636  millions  of  kilowatt-hours,  costing 
=  20.636  X  8000  =  $165,088, 
whence  the  total  annual  cost  is 

30.000  +  165,088  =  $195,088.     (Ans.  b.) 

Example  59.  If  in  the  above  example  the  operating  cost 
per  thousand  kw.h.  is  given  by  the  equation 

a  =  (10  -  M) 

between   500  and   5000  kw.,  where  M  is  again  expressed  in 
thousands  of  kw., 

(a)  Determine  the  cost  per  kw.h.  and 

(b)  Determine  the  total  annual  cost. 

Solution:  In  the  previous  problem,  the  operating  cost  (A)  was 
assumed  constant.  In  this  problem,  it  is  assumed  variable  in 
accordance  with  the  above  equation.  It  is  evident  that  the 
value  of  (5),  the  service  modulus,  will  not  be  affected  by  varia- 
tions in  the  operating  cost.  Eq.  (p)  above  will  no  tbe  changed 
except  in  the  last  term,  which  must  be  changed  to  the  new  value. 
We  therefore  get,  for  the  cost  per  kw.h.  (K) 

j^  _  6(0.346  \ogeN  —  i.23i2xY  -f  o.i6iiY-—  o.oo729iV^  -f  2.6612) 
1000(5  -t-  o.346iV  —  0.6156^^2  -|_  o.io73iV^  —  0.00547 A^"*) 

,    (10  -  M)  ..         . 

+  ^^ -^  (Ans.  a), 

1000 

where  as  before 

M  =  s  -{-  o.346iV  -  o.6i56iV2  +  o-io-j^N^  -  0.00S47N*. 
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The  total  cost  per  year  is  then 

Ki  =  6j^.       SdN  -^  looo^o        ^^  ^^' 
Where 

/"S.760 

6  I        Sd  N  =  $30,000  as  before 

X8.760  r&.im 

aM  dN  =  loco  j^       (10  -  M)M  dN 

=  1000 j^       (loM  -  M^)dN. 

Substituting  for  M  its  value  in  terms  of  (N)  as  given  above, 
we  get 

1000  I  (25  —  0.12.V-  +  o.4262V^  —  o.4527iV^  +  c.i^^gN^ 
—  o.oi82  5.V^  +  o.ooii74iV''  —  o.oooo^N^)dN 

=  iooo(25iV  —  o.04iV'^  +  o.io65.Y^  —  0.09054^^^ 

—  o.o2265A^^  —  o.oo26ix¥''  +  o.oooi47iV^ 

—  o.ooooo33iV^)o 

=  ioooiV(2  5  —  0.04.Y-   +  o.io65iV^  —  0.09054  iV*+o.03365M 
0.0026  liV^  +  0.000 147  A'"  —  0.000003  3  iV^)o 

=  8760(25  -  3.07  +  71.6  -  533.0  +  1166.1  -  1177.1 

+  580.7  -  1 15.4) 
=  8760  X  14.2  =  $124,392  operating  costs, 
so  that  the  total  annual  production  costs  are 

Ki  =  30,000  +  124,392  =  $154,392.     (Ans.  b.) 
While,  as  may  be  seen  from  the  above,  the  work  of  solvin 
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such  cost  problems  requires  skill  and  considerable  pains- 
taking effort,  it  certainly  permits  of  real  and  conclusive 
deductions. 

140.  In  the  following  problem  of  determining  the  size  of  a 
heating  system  for  best  financial  efficiency,  we  have  assumed 
the  heat  to  be  transmitted  in  water  instead  of  steam.  It  may 
be  of  interest  to  note  the  comparative  cost  of  transmitting  heat 
energy  by  steam  and  by  water. 

We  can  allow  approximately  a  velocity  of  loo  feet  per  second 
for  steam  and  5  feet  per  second  for  water,  the  velocity  of  steam 
being  twenty  times  as  great  as  that  of  water.  The  heat  capacity 
of  water  is  one  B.t.u.  per  pound,  or  62.5  B.t.u.  per  cu.  ft.  The 
heat  capacity  of  steam  varies  with  the  pressure  (density)  in 
accordance  with  the  following  table : 

TABLE  96 
Heat  Capacity  for  Steam  above  150°  F. 


Pressure, 

Temp., 

Heat 

Heat  per  cu.  ft. 

Heat  per  cu.  ft. 

lbs.  abs. 

dry  sat. 

per  cu.  ft. 

per  degree  F. 

per  degree  X  20 

10 

193 

26.5 

0.62  B.t.u. 

12.4 

15 

213 

39   0 

0.62      " 

12.4 

20 

228 

515 

0.66      " 

13.2 

50 

281 

124 

0-95      " 

19.0 

100 

328 

240 

1-35      " 

27.0 

150 

358 

357 

1. 71      " 

34-2 

250 

401 

583 

2.32     " 

46.4 

350 

432 

814 

2 .  go     " 

58.0 

The  third  column  is  obtained  by  dividing  the  total  heat  per 
pound  of  the  steam  above  150°  F.  by  the  number  of  cubic  feet 
per  pound  of  steam,  thus  getting  the  B.t.u.  per  cu.  ft.  The 
fourth  column  is  then  obtained  by  dividing  the  heat  per  cu. 
ft.  by  the  temperature  of  the  steam  above  150°.  But  inas- 
much as  steam  may  be  allowed  to  travel  20  times  as  fast  as 
water,  we  h?ve  multiplied  this  column  by  20,  giving  the  last 
column.  This  shows  12.4  to  58  B.t.u.  for  steam  as  compared 
with  water  at  62.5  B.t.u.  per  cu.  ft.  per  degree.     A  number  of 
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important  factors  must  be  borne  in  mind.  If  the  pressure  is 
over  ioo# ,  then  extra  strong  pipe  and  fittings  must  be  used. 
Since  these  are  far  more  expensive  than  standard,  the  cost  of 
transmission  is  greatly  increased;  this  does  not  permit  of  a 
fair  comparison  with  that  of  hot  water  at  nominal  pressures. 
Therefore  the  real  capacity  of  steam  is  really  only  12.4  to  27 
B.t.u.  as  compared  with  water  at  62.5. 

On  the  other  hand,  since  water  transmission  requires  as  large 
a  return  pipe  as  outgoing  pipe,  that  for  steam  may  be  very  small, 
and  if  the  condensate  is  wasted,  the  return  pipe  may  be  done 
away  with  altogether.  In  the  latter  case,  however,  the  cost  of 
purchasing  or  pumping  the  water  thus  wasted  must  be  added 
to  the  total  service  cost. 

But  even  without  a  return  pipe  for  the  steam,  and  allowing 
nothing  for  the  cost  of  water  thus  necessarily  wasted,  we  have 
12.4  to  27  B.t.u.  for  steam  as  compared  with  half  of  62.5,  or  31.25 
B.t.u.  for  water  transmission;  so  that  even  under  these  condi- 
tions the  cost  of  steam  transmission  is  at  least  16%  greater  than 
for  water.  The  cost  of  water  wasted  usually  runs  from  one  to 
ten  cents  per  1000  #  ,  a  fairly  significant  item  itself. 

The  conclusion  cannot  be  avoided,  then,  that  in  spite  of  the 
fact  that  most  central  heating  stations  are  designed  for  steam 
transmission,  heat  transmission  by  water  is  far  more  economical. 
If,  in  the  hot  water  system,  instead  of  heating  water  in  the 
boilers,  we  generate  steam,  using  the  steam  for  the  generation 
of  power,  and  using  the  exhaust  steam  (atmospheric  pressure, 
212°)  for  the  heating  of  the  water,  we  have  an  incomparably 
more  economical  system. 

Example  60.  Assume  that  the  cost  per  bo.h.p.  of  a  central 
heating  plant  varies  as  curve  A,  Fig.  47,  and  that  the  cost  of 
transmission  pipe  per  foot  complete  in  place  varies  as  curve 
A,  Fig.  48,  and  that  the  operating  cost  is  one  cent  per  bo.h.p. 
hour,  neglecting  radiation  loss  in  transmission,  determine  the 
area  of  transmission  for  maximum  economy;  in  blocks  of  200  ft., 
if  the  maximum  demand  is  268,000  B.t.u.  per  block  per  hour 
and  the  mean  annual  load  67,000  B.t.u.  per  block  per  hour, 
fixed  charges  10%. 
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Fig.  47. — First  cost  per  horse  power  of  heating  plant  assumed  in  example  60. 
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Solution:  The  total  production  cost  per  year  is 

Ki  =  Mcp  +  LaN, 
where 

p  =  o.io, 

a  —  o.oi, 

N  =  8760. 

Assuming  the  shape  of  the  area  served  to  be  square,  the  num- 
ber of  blocks  on  each  side  being  (B)  blocks  from  the  plant, 
then  the  total  number  of  blocks  served  will  be  2B{B  +  i), 
in  which  B  is  always  odd.  Since  each  block  requires  268,000 
B.t.u.  maximum,  or  8  bo.h.p.,  the  total  maximum  load  will  be 

M  =  2B{B  +  i)  X  8  =  i6B{B  +  i)  bo.h.p., 
and  the  mean  annual  load  (L)  will  be 

L  =  i  X  i6B{B  +  i)  =  4B(B  +  i)  bo.h.p. 
whence  the  annual  operating  cost  will  be 
LaN  =  4B{B  +  i)  X  o.oi  X  8760  -  350.4^(5  +  i)  dollars. 

We  must  now  determine  (C),  the  cost  of  the  system  per 
bo.  h.p.  Curve  A,  Fig.  47,  gives  (Ci)  the  cost  per  bo.h.p.  of 
the  heating  plant.  So  we  must  only  determine  (C2),  the  cost 
per  bo.  h.p.  of  the  transmission  according  to  the  cost  data  given 
in  Fig.  48. 

Allowing  200°  F.  as  the  maximum  temperature  of  the  out- 
going water  and  150°  as  the  temperature  of  the  return  water 
we  can  carry  50  B.t.u.  per  lb.  or 

50  X  8|  =  417  B.t.u.  per  gallon. 

Since  each  block  requires  268,000  B.t.u.  maximum  per  hour, 
or  4470  B.t.u.  per  minute,  there  will  be  required. 

4470  ^  417  =  II  gallons  per  minute  per  block. 


282  DETERIVIINATION   OF   SIZE   OF   SYSTEM 

This  will  require,  for  a  friction  head  of  about  one  foot  per 
hundred  feet  of  pipe,  a  i|"  pipe. 

The  length  and  size  of  distribution  pipe  may  be  computed  as 
follows : 

(i)  For  one  square  block  transmission  area: 
Pipe  required  4  X  i  (0  of  ii  g.p.m.  capacity,  where  /  =  200  ft. 

(2)  For  a  square  of  3  blocks  on  a  side 
Pipe  required  is  4  (/)  (i  +  3)  of  11  g.p.m.  capacity. 

4  (/)  X  2  of  22  g.p.m.  capacity. 

(3)  For  a  square  of  5  blocks  on  a  side 

Pipe  required  is  4  (/)  (i  +  3  +  5)  of  n  g-P-m-  cap. 
4  (/)    X  4  of  22  g.p.m.  cap., 
4  (/)  X  2  of  44  g.p.m.  cap. 

(4)  For  a  square  of  7  blocks  on  a  side 

Pipe  required  is  4  (/)  (i  +  3  +  5  +  7)  of  11  g.p.m.  cap. 
4  (/)  X  6  of  22  g.p.m.  cap., 
4  (0  X  4  of  44  g.p.m.  cap., 
4  (/)  X  2  of  66  g.p.m.  cap. 

(5)  In  general  for  a  square  B  blocks  on  a  side 

Pipe  required  is   4  (/)  (i  +  3  +  5  +  7  +  9  +  .     .     .  +  B)  ii.oi 

II  g.p.m.  cap., 

4  (/)  X  (J5  —  i)  ft.  of  22  g.p.m.  cap., 
4  (/)  X  (B  -  3)  ft.  of  44  g.p.m.  cap., 
4  {t)  X  (.6  —  5)  ft.  of  66  g.p.m.  cap., 
4  (/)  X  (5  -  7)  ft.  of  88  g.p.m.  cap., 
etc. 

The  cost  of  the  i\"  pipe  according  to  Fig.  48  is  34  cents  per 
foot,  and  since  the  cost  in  place  is  assumed  in  direct  propor- 
tion to  the  area  of  the  pipe,  the  cost  per  foot  of  the  22  g.p.m. 
pipe  is 

34  X  2  =  68  cents  per  ft. ; 
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of  the  44  g.p.m.  pipe  is 

34  X  4  =  S1.36  per  ft.,  etc. 
The  total  length  of  i|"  pipe  required  is 

4  X  2oori  +3  +  5  +  7  +  -     •     ■  +  B)  ft., 

800  X  (^-^^y  =  2oo(B  +  i)2  ft., 
and  its  cost  is 

2oo(B  +  i)2  X  0.34  =  68  r^  +  1)2  doUars. 

The  cost  of  the  22  g.p.m.  pipe  is 

4  X  200  (B  -  1)  X  0.68  =  544  (B  -  i)  dollars; 
of  the  44  g.p.m.  pipe,  it  is 

4  X  200  (5  -  3)  2  X  0.68  =  544  X  2  (.B  -  3). 
Of  the  66  g.p.m.  pipe,  it  is 

4  X  200  (B  -  5)  3  X0.68  =  544  X  3  f^  -  5) 
etc.,  up  to 

4  X  200  X  2  X  ( — ^-^)  X  0.68  =  544^ — ^-^j  X  2, 

whence  the  total  transmission  cost  is 

C2  =  68  (5  +  1)2  +  544  (5  -  i)  +  2  (5  -  3)  +  3  (5  -  5) 

+  4(5  -  7)  +  5(^  -  9)  +     •     .     .  +  (^^)  X  2. 
Letting 

/  =  [(5-1) +  2(5-3) +  3(5-5)+    •    .    -  +  {^-j^)x^] 
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C2  =  68(5  +  i)2  +  544/. 

Dividing  through  by 

M  =  i6B{B  +  i), 
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Fig.  49. — Heat  distribution  layout  for  example  60. 
gives  the  cost  of  transmission  per  bo.h.p.,  or 


B         '   B(B  +  i)" 
The  variation  of  (J)  and  C2'  with  (B)  is  as  follows: 
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Assuming  now  that  we  can  represent  the  cost  of  the  heating 
plant  (Ci)  per  bo.h.p.  by  the  following  equation  between  600 
and  1200  bo.  h.p., 

Ci  =  61.66  —  0.0353/  +  0.00001133M2. 

We  get,  since 

M  -  i6B(B  +  i), 
that 

C~  =  61.66  -  0.035  X  i6B(B  +  i) 

+  0.0000 1 133  X  16  X  i6B''(B  +  1)2 
or 

Ci  =  61.66  -  o.s6B{B  +  i)  +  o.ooiqBHB  +  1)2. 

Where  the  total  first  cost  (C)  of  the  system  per  bo.h.p.  is 

C  =  Ci  +  C2', 
or 

C  =  61.66  -  o.s6B(B  +  i)  +  o.oo2gBHB  +  1)2 


B  B{B  +  lY 

the  annual  tLxed  charges  per  bo.h.p.  are 

Cp  =  6.166  -  o.os6B(B  +  i)  +  0.0002952(5  +  1)2 


B  B{B  +  i)" 

Since  the  total  operating  costs  per  year  are 

LaX  =  3So.4B(B  +  i), 

the  cost  per  installed  bo.h.p. 

LaN  ^  350.45(5  +  i)  _ 
M    ~     i65(5  +  i)     ~  ^'■^' 
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the  total  production  cost  per  bo.  h.p.  per  year  is  therefore 
K  =  21.9  +  6.166  -  o.os6B{B  +  i) 

+  o.cooiqB'HB  +  i)2  +  0.425  ^^  t       +  T.-T^^'^ 


B  B{B  -\-  i)' 


or 


K  =  28.066  -  o.o565(^  +  i)  +  0.00029^2(5  +  1)2 

+  0.435^^^  +  -^ 


B  B(B  -\-  i)' 
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Fig.  50. — \'ariation  of  tlie  unit  cost  of  service  with  the  size  of  the  system 
according  to  example  60. 

Differentiating  (K)  with  respect  to  (B)  and  equating  to  zero, 
will  give  \-ery  complex  results.  We  can,  however,  make  a 
solution  by  plotting.     Thus 


II    13      15       17      19     21 


K. 


28.7    29.1    28.1    27.5    27.4    28    30    32.8    41.2    52    67.8 


The  maximum  financial  efficiency  evidently  takes  place  at 


PROBLEMS  287 

5  =  9,  an  area  of  service   of    i8o   blocks.     Under   this   condi- 
tion 

M  =  i6B(B  +  i)  =  i6  X  9  X  lo, 

M  =  1440  bo.h.p. 

The  curve  for  the  variation  of  the  production  of  service  cost 
per  bo.h.p.  per  year  with  the  length  of  area  served  is  given  in 
Fig.  50.  Note  that  after  the  point  of  best  economy  is  passed 
the  increase  in  cost  is  very  rapid.  The  cost  of  service  of  a 
heating  system  that  was  considerably  too  large  would  be  far 
in  excess  of  the  individual  plant  costs.  However,  the  results 
obtained  above  must  not  be  generalized,  as  they  apply  only 
under  the  conditions  assumed  in  the  problem.  But  under 
these  conditions,  a  steam  heating  system  is  still  more  expensive 
and  capable  of  serving  only  a  smaller  area  economically. 

Another  factor  that  must  be  borne  in  mind  is  load  density. 
We  have  in  the  above  problem  assumed  uniform  load  density. 
The  load  density  may  be  very  much  greater  or  less  than  that 
assumed,  while  on  the  other  hand  the  load  density,  instead  of 
being  uniform,  may  vary  over  the  area  in  a  great  many  essentially 
different  ways.  The  effect  of  these  variations  on  the  system's 
size  and  economy  afford  study  of  the  most  valuable  kind  in 
practice. 

PROBLEMS 

1.  Assume  the  annual  load  curve  lo  be  as  in  Fig.  51,  the  first  cost  of 
the  power  plant  to  be  $60  per  h.p.  installed,  fixed  charges  12%,  and  operat- 
ing costs  to  be  0.6  cent  per  h.p.h. 

(a)  Determine  the  total  annual  cost  of  production, 

(b)  Determine  the  cost  of  production  per  h.p.h.  and 

(c)  Plot  the  curve  of  variation  of  cost  per  h.p.h.  with  the  load. 

2.  If  in  problem  (i),  the  operating  cost  in  dollars  per  h.p.h.  is  given  by 
the  equation 

a  =  0.01125  —  0.00000125M 

and  all  other  things  are  equal,  determine 

(a)  the  total  annual  production  cost, 

(b)  the  number  of  h.p.h.  produced  per  year, 
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(c)  the  cost  of  service  per  h.p.h.  and 

(d)  plot  the  curve  of  variation  of  cost  of  service  per  h.p.h.  with  the 
size  of  the  load. 

3.  In  a  power  plant  the  load  varies  with  time  according  to  the  equation 

M  =  5000  —  o.oooo27\^-, 
and  the  cost  of  operation  per  kw.h.  varies  according  to  the  equation 
a  =  0.015  ~  o.oooooiM. 
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Fig.  51. — Load  curve  for  problem  i. 
The  first  cost  of  the  plant  per  kw.h.  is  $75,  fixed  charges  10%.     Determine: 
(a)  the  total  annual  production  cost, 


(b) 
(c) 
(d) 
(e) 
(f) 


* '     kw.h.  produced  per  year, 
average  cost  per  kw.h., 
true  cost  per  kw.h., 
maximum  cost  per  kw.h.  and 
minimum     "     "    kw.h. 


CHAPTER  VI 

DETERMINATION  OF  TYPE  AND  SIZE  OF  UNITS 

Stand-by  Units.       Number  of  Units  in  a  Plant  for  Given  Load  for  Best 
Financial  EfTiciency.     Economy  of  Units  at  Fractional  Loads. 

141.  In  considering  the  proper  selection  of  the  size  of  units 
in  any  given  plant,  too  much  emphasis  has  been  placed  on  the 
necessity  of  a  reserve  unit.  Like  most  things,  a  reserve  unit 
is  desirable  in  inverse  proportion  to  its  cost.  When  this 
cost  rises  above  the  probable  gain,  it  is  no  longer  good  judg- 
ment to  provide  it 

The  first  question  is,  how  long  will  a  given  piece  of  machinery 
run,  without  a  shutdown,  under  conditions  of  average  care? 
While  this  is  a  very  difficult  matter  to  determine,  yet  as  a  rule  the 
number  of  hours  of  run,  without  shutdown,  will  be  in  direct 
proportion  to  the  life  of  the  equipment.  However,  with  this,  we 
must  consider  the  nature  of  the  equipment  as  well.  For  example, 
the  life  of  a  motor  is  twice  that  of  an  engine,  therefore  we  may 
expect  twice  as  long  a  run.  But  as  a  matter  of  fact,  we  will  get 
more  than  that,  because  the  shock  of  reciprocating  parts  is 
absent  in  the  motor.  So  as  a  whole,  the  period  of  continuous 
run  is  far  greater  for  all  rotative  classes  of  machinery,  such  as 
generators,  turbines  and  centrifugal  pumps,  than  for  the  recipro- 
cating classes,  as  engines  and  compressors. 

That  shutdown  will  occur  is  certain,  for  no  machine  is  built 
to  run  continuously  during  its  entire  life,  without  certain  parts 
being  either  adjusted  or  repaired,  or  entirely  replaced.  Among 
such  parts  are  bearings,  crosshead  guides  and  stuffing  boxes. 
However,  the  period  of  necessary  shutdown  may  be  antici- 
pated, and  for  that  matter  usually  must  be  anticipated  to 
avoid  severe    damage    to    the    machine,  due    to    breakdown. 
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Its  repair  may  therefore  be  accommodated  to  the  load  being 
carried. 

But  this  is  not  the  primary  consideration  in  the  matter  of 
dividing  our  load  among  a  number  of  units.  The  menace  of 
shutdown  is  not  nearly  so  great  as  one  would  be  lead  to  believe 
by  the  emphasis  placed  on  it  by  so  many  authors.  First-class 
machinery,  run  with  average  care,  under  normal  loads,  may 
be  depended  on  to  run  at  least  a  certain  period  w^ithout  any 
danger  of  shutdown.  They  will  then  require  certain  repair, 
after  which  they  may  again  be  relied  upon  with  reasonable 
certainty. 

142.  The  reason  for  the  design  and  installation  of  any  system 
is  the  rendering  of  a  given  service.  The  primary  object  for  the 
subdivision  of  the  plant  into  several  units  must  be  to  render 
this  service  at  as  low  a  cost  as  possible.  We  must  therefore 
take  into  consideration  a  number  of  primary  factors  that  con- 
trol this.     These  are  as  follows: 

1.  For  larger  units: 

(a)  Decreased  unit  first  cost  of  the  equipment  with  increased 

size. 

(b)  Increased  efficiency  under  similar  conditions  for  the 

large  units. 

2.  Against  larger  units: 

(a)  Decrease  in  efiiciency  at  fractional  loads.  The  larger 
the  unit,  the  smaller  per  cent  of  full  load  the  unit 
will  run  at,  under  average  conditions. 

For  example,  if  the  maximum  load  on  a  certain  power  plant 
is  io,ooo  kw.  and  the  mean  load  is  3000  kw.,  then  if  we  have 
only  one  unit,  it  will  run  on  the  average  at  only  30%  load,  with 
corresponding  low  efficiency.  If  on  the  other  hand  we  put 
in  two  or  more  units,  we  can  shut  down  one  unit  after  another 
as  the  load  decreases,  maintaining  much  nearer  full  load  con- 
ditions on  those  units  that  are  kept  in  operation,  and  getting 
correspondingly  much  higher  efficiency  under  actual  running 
conditions. 
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Calling  (A)  the  attendance  cost  per  h.p.h., 

(F)   the  fuel  cost  per  h.p.h.  at  full  load 
and 

(P)  the  per  cent  of  full  load  efficiency  at  (X)  per  cent 
of  full  load 

then  at  full  load,  the  operating  cost  (a)  is 

a  =  A  -\-  F  per  h.p.h (no) 

and  at  fractional  loads,  the  cost  of  operation  is 

p 
a  =   -4+ - (hi) 

the  load  being  under  these  conditions  (XM) . 

If  we  are  actually  carrying  some  load  as  may  be  given  by 
some  equation  as 

N  =J(M), 

then  the  operating  cost  per  hour  is 

{a  +  ^)m, 

and  the  total  operating  cost  per  year  is 

-8760  / 


i 


[^A  ^-jAIdN 


and  thus  the  production  cost  per  h.p.h.  is 

^-t  +  (^+l) (-) 

and  the  total  production  cost  per  year  is 

ScdX  ^    i        (^.1  +^jMJiV.  .     .     (113) 

143.  The  above  are  the  conditions  for  a  single  unit  or  where 
all  the  units  are  operated,  each  carrying  a  uniform  proportion 
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of  the  entire  load.  But  it  certainly  is  not  good  practice,  where 
there  are  a  number  of  units,  to  operate  them  all  at  small  loads, 
when  it  would  be  possible  to  shut  one  or  more  of  them  down 
and  operate  the  balance  at  more  nearly  full  load. 

Assuming  then  that  we  have  a  number  of  units,  M\,  M2, 
Ms  .  .  .,  in  our  plant  all  of  the  same  size,  and  that  we 
operate  them  so  that  all  which  are  in  operation  will  be  at  full 
load  except  one,  then  for  any  load  (M)  we  will  have,  let  us  say, 
(U)  units  of  (Ml)  size  operating  at  full  load  and  one  at  fractional 
load.  Under  these  conditions  the  total  attendance  cost  per 
hour  is  (AM)  and  the  total  fuel  per  hour  is 

UMiF  +  Ml  ^, 

where 

UMi  +  XMi  =  Mi{U  +  X)  =  M,      .     .     (114) 

and  (A'')  is  the  per  cent  of  full  load  on  the  unit  that  is  running 
light  and  (P)  is  a  function  of  (A"),  which  is  obtained  as  an 
approximate  equation  from  the  actual  test  (or  factory  guarantee) 
curves.  Whence  the  total  operating  cost  per  hour  for  the  load 
{M)  is 

AM  +  UMiF  +  Mi(^\  =  AM  +  MifIu  +  ^\     (115) 

But  since 

^'  =  ZT+A' 
and 

P=f(X), 
the  total  operating  cost  is 

AM+      ^^     (u  +  ^)=M  A+^'^^^f^l 
and  the  operating  cost  per  h.p.h.  (a)  is 

u+    ' 


(116) 


-•4+^-WS^ '"'^ 
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So  under  these  conditions,  the  unit  production  cost  is 
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A'2 


^  Sep 
M 


+  A  + 


FiU  -\- 


liX) 


{U  +  X)     J 


(ii8) 


and  the  total  annual  production  cost  is 


/8760 
ScdN  + 


r 


M 


A  + 


{U  +  X) 


dN.     (119) 


If  the  size  is  already  determined,  then  (c)  is  a  constant  and 
the  first  part  of  {K2)  above  is  simply 


But 


pc^S  dN. 
fs  dN  =  Jn  dS, 


since  both  give  the  area  under  a  curve  the  equation  of  which  is 

S=MN). 

dM 


So  also 


dS  = 


N 


Whence 


fsdN  =  j^NdS^fN^=f. 


M. 


Bearing  this  in  mind  will  always  simplify  this  part  of  the 
calculation. 

144.  In  the  above,  the  fixed  charges  must  be  based  on  the 
total  installation,  while  the  operating  cost  depends  on  the  units 
in  operation.  In  practice  we  should  have  to  determine  the  total 
annual  operating  costs  (a)  by  a  series  of  integration  instead 
of  only  one.  If,  for  example,  we  have  {U  +  i)  units  in  the 
plant,  we  would  integrate  from  {U  +  i)  to  (U),  then  from 
t/  to  {U  —  1),  and  so  forth,  i.e.,  always  from  X  =  100%  to 
X  =  o,  or  if  the  units  will  carry  say  25%  overload  safely,  and 
run  with  better  economy  than  below  25%  load,  then  our  Integra- 
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tion  steps  would  have  to  be  between  X  =  125%  and  X  =  25%. 
The  reason  for  this  is  that  at  the  point  of  shutdown  of  a  unit 
a  point  of  discontinuity  is  introduced  in  our  curve. 

It  is  evident  than  that  units  like  generators,  and  steam  engines, 
that  arc  technically  capable  of  carrying  overloads,  should  be 
built  mechanically  well  enough  to  carry  this  overload  for  a 
reasonable  per  cent  of  their  running  time  without  giving  trouble, 
iji  order  to  allow  the  operator  to  get  the  lowest  production  costs. 
Invariably  better  economy  is  obtained  at  a  reasonable  per  cent  of 
overload  than  near  zero  load.  For  example,  a  steam  engine  will 
use  about  i|%  more  steam  between  full  load  and  25%  overload, 
at  I  load  it  will  use  60%  more  steam,  and  below  that  still  more. 
A  steam  turbine  will  use  1%  more  steam  at  25%  overload  than 
at  full  load,  while  at  I  load  it  will  use  15  to  40%  more  steam, 
and  so  on. 

In  the  determination  of  the  number  of  units  (of  equal  size) 
required  in  a  plant  for  best  economy,  we  assume  that  there 
are  (;z)  units  and  then  find  what  the  total  cost  of  production 
is  in  terms  of  (w).  By  plotting  this  equation,  or  by  differen- 
tiating it  and  equating  it  to  zero,  we  can  determine  the  value 
of  (w),  the  number  of  units  required  for  minimum  production 
cost,  and  thus  the  size  of  each  unit.  This  is  comparatively 
simple. 

But  we  can  obtain  better  efficiency  usually  by  using  different 
sizes  of  units  rather  than  a  number  of  units  all  of  the  same  size. 
In  such  cases,  fractional  determination  will  give  the  desired 
results.  That  is,  when  the  load  curve  consists  of  two  or  more 
distinct  parts,  one,  let  us  say,  of  short  duration  but  a  heavy  load, 
and  the  other  of  long  duration  and  comparatively  light  load,  we 
can  divide  the  curve  into  two  parts,  considering  each  separately. 
After  we  have  determined  thus  the  units  best  for  each  part  of 
the  load,  we  can  then  make  such  adjustments  as  will  bring 
the  two  or  more  parts  into  harmony. 

145.  Example  61.  A  producer  gas  power  plant  carries  a 
load  in  kw.  as  given  by  the  equation. 

M  =  1000  —  o.iN. 
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The  cost  per  kw.  of  the  units  is  given  by  the  equation 

C  =  50  —  0.005 1/, 

where  U  is  the  size  of  the  unit. 

The  fuel  cost  per  kw.h.  at  full  load  varies  with  the  size  of 
the  unit  thus: 

F  =  0.007  ~  o.oooooo6f/. 

At  fractional  loads,  the  per  cent  of  full  load  efficiency  obtained 
is 

P  =  0.5(1  +  X), 

where  {X)  is  the  per  cent  of  full  load. 

The  attendance  cost  is  constant  at  $0,003  P^^  kw.h. 

Assuming  fixed  charges  at  10%,  how  many  units  of  the  same 
size  will  be  required  to  give  minimum  production  cost? 

Solution:   (i)  Total  fixed  charges  per  year  are 

Mocp  =  1000  X  o.io  X  (50  —  0.005 Z7) 

=  5000  -  o.sU, 
where 

U  =  — ,  (n)  being  the  number  of  units  emploved  in  the  plant, 
n 

whence 

1000 


U  = 


n 
and 


1^    u  •  ,   1000  500 

Mocp  =  5000  —  0.5  +  • =  5000  —  - — . 

n  n 


(2)  The  total  attendance  cost  per  year  is 
A  =  0.003  1  ^  dN, 


296  DETERMINATION   OE   TYPE   AND   SIZE   OE   UNITS 

where 
I  M  dN  gives  the   total  number  of  kw.h.  produced  per  year 
and  where 

X87G0 
(looo  —  o.iN)dN 

=  0.003  (loooiV  —  o.o5iV-)(,  ' 

A  =  0.003  X  4,923,120  =  $14,769.36. 

(3)  Fuel  Cost:    If  the  unit  runs  at  full  load,  the  fuel  cost  is 
(F)  per  kw.h.  given  above.     If  it  runs  at  x%  of  full  load,  the 

fuel  cost  is  (  p )  =  /• 

(a)  Case  of  one  unit: 

In  this  case  A  = 


Mo       1000 
since 

U  =  Mo  =  1000  kw., 
so  that 

P  =  0.5(1  +  o.ooiM) 
and 

F  =  0.007  ~  0.0000006  X  1000  =  0.007  ~  0.0006, 
or 

F  =  0.0064, 

and  the  actual  fuel  cost  is 

r  _  F  _  0.0064  _         0.1028  ,      , 

P  ~  0.5(1  +  o.ooiM)  ~  (i  +  o.ooiAf)  ^^^    ^" 

For  the  load  {M)  the  fuel  cost  per  hour  is 

M{  —         O.O128M 

■^  ~  (i  +  o.ooiMY 
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and  the  total  annual  fuel  cost  is 

firrjAT  r  0.0128  MdN 

J      '  J  (i  +  o.ooi  M) 

But  since 

M  ^  1000  —  o.iiV", 

,j       1000  —  M  f  ,  ,x 

iV  = =  10(1000  —  M). 

0.1 

and 

dN  =    -  xodM, 

whence 

•''^        M  dM 


so  that 


\MfdN  =    -  0.128  1 


(i  +  O.OOI  M) 


CmJ  dM  =  -^^[(i  +  o.ooiM)  -  loge(i  +  o.ooiif) 
J  (o.ooi)-L 


,400. 

Summary  of  Case  (a),  one  unit. 
The  fixed  charges  are 

5000  —  ^ —  =  $4500. 

I 

The  attendance  costs  are  $14,769.36,  and  the  fuel  cost  is 
$38,400,  whence  the  total  annual  production  cost  is 

4500  +  14,769.36  +  38,400  =  $57,669.36. 

{h)  Case  of  two  units: 

In  this  case  we  have  two  units  each  of  500  kw.  The  first 
unit  runs  at  fractional  load  from  C  to  B,  then  at  full  load  from 
B  to  E.  The  second  unit  cuts  in  at  B,  carrying  the  load  area 
BDE.  Or  the  units  may  carry  the  load  area  ABDO,  both 
being  equally  loaded. 

Since 

M  =  1000  —  o.  iN,  when  M  =  500, 

N  =  5000  hours. 
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The  fuel  cost  for  the  load  BC  is 

/-8760  rSlGO  p 

BC  =    I       MfdN  =  M^dN. 


But  when 


and 


U  =  500, 

F  =  0.007  —  0.0000006  X  500.0  =  0.0067 

X  =  —  =  0.002M, 
500 


whence 


BC  = 


Fig.  52. — Case  of  two  units. 
.0067  X  dN 


r'^'M  X  O. 

J5000    0.5(1  H 


+  0.002M) 
M  dM 


or 


XI 24 
,0  I  +  0.002  M 

BC   =    -  T^^j  (l+O.OO2M)-l0ge(l+O.OO2ilf)l 

(0.002)^  L  Ji 


=  $939340. 


So  also 


BD 


whence 
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dM 
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.002M 


r    mq 

-0.134     — - — 

^500  I    +    O. 

r  °'^\^\  (i  +  0.002M)  -  iog,(i  +  0.00271/) 

(0.002)-   L  °  'J  50 


BD  =  $10,281.15, 


and  finally 


rsooo 
EF  =  MF\        500  X  0.0067  dN 

"15000 

=  7,.^sNMF^^      =  $16,750. 


^ 

F 

"\ 

E 

K 

J 

Fig.  53. — Case  of  three  units. 

Summary  of  Case  {h) : 
The  total  fuel  cost  is 

16,750  +  10,281.15  +  939340  =  $36,424.55, 

and  the  total  fixed  charges  are 


5000  -  ^  =  $4750. 
2 
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The  total  annual  production  cost  is  therefore 

36,424.55  +  4750  +  14,769.36  =  $55,943.91. 

(c)  Case  of  Three  Units: 

In  the  case  of  three  units,  each  is  of  333.33  kw.  size.  The 
first  unit  runs  at  fractional  load  until  it  reaches  full  load,  after 
which  it  continues  to  run  at  full  load,  while  the  excess  is  taken 
care  of  by  cutting  in  a  second  unit.  When  the  load  exceeds 
666.67,  the  third  unit  is  cut  in.     In  this  case  the  fixed  charges 

are 

5000  -  500  =  $4833.33. 


And  as  before,  the  attendance  charges  are  $14,769.36.     With 
units  of  S33-33  kw.  size,  the  full  load  fuel  cost  per  kw.h.  is 


F  =  0.007  —  0.0000006  X  333-33 

=  0.0068 

and 

F  =  0.5(1  +  X), 

where 

M 

X    =  =  O.OO^M. 

333-33 

So  that 

F  =  o-si  +  .10003M), 

and 

-      F               0.0068                     0.0136 

J             7->                    ./          i____Ti,r\             /          i___i/r\' 

For  the  load  area  EDHJ,  the  fuel  cost  is 


ED  =    CufdN  =    f^^^^r.  X  dN, 
J      '  J  (i  +  0.003I/) 

■'•^  J  (i  +  0.003M) 


or 

ED  =    —  o 
since 


M  =  1000  —  o.iTV. 
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We  obtain  the  limits  of  the  above  integration  for  the  value 
of  M,  when  N  =  8760,     ox    M  =  124,  whence 


ED  =  - 


£124 
13.33(1 


M  dU 


+  .003  M) 


.136 

(.003)^ 


(i  +0.003M) 
=  $3795-91, 


—  loged   +  0.003^/) 

N  =  6666.67  hours, 

M  =  666.67, 

^  =  2>m-^i  hours. 


The  fuel  cost  during  the  load  area  EJOI  and  GFIK  is  there- 
fore respectively 


when 


and 


E'l  =  Zii-Zi  X  6666.67  X  0.0068  =  $15,111.11 


and 


PG  =  2>ii-2,2>  X  2>Z2,Z-?>Z  X  0.0068  =  $7555.55. 

The  fuel  cost  during  the  load  area  FEK  is 

M  dM 
tt.  =  -  0.130  I        - — 
^333.33  (i  ~ 
so  that 


FE  =  - 


0.136 


(0.003)2  . 
=  $4637.90. 


^333.33(1  -\- o.ooT,dMy 

(i  +  0.003M)  —  log  (i  +  0.003 Af) 

J  33 


And  since  the  fuel  cost  during  the  load  area  CFG  is  equal  to 
that  during  the  FEK,  we  have 

CF  =  $4637.90. 

The  total  fuel  cost  is  therefore 

3795.91  +  15,111.11  +  7555-55  +  2  X  4637-90  =  $35,738-37 
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and  the  entire  production  cost  is 

$35^38.37  +  14-769-36  +  4833-33  =  $55.'34i-o6. 

{d)  Case  of  Four  Units: 

In  this  event,  each  unit  is  of  250  kw.  capacity. 

The  fixed  charges  are 

-000  -  ^  =  $4875. 
4 

The  attendance  cost  is  as  before  $14,769.36. 


K        L 


Fig.  54. — Case  of  four  units. 

To  obtain  the  fuel  cost,  note  that  FD  =  IC  =  JB,  when 
EF  =  250  kw.,  N  =  7500 

M  =  750;  N  =  2500 

M  =  500;  N  =  5000. 


when 
when 
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The  fuel   cost  for   the   load   areas  FDGI  plus  GCHJ  plus 
HBKO  is 

250(2500  +  5000  +  7500)/^, 
where 

F  =  0.007  ~  0.0000006  X  250  =  0.00685. 

Therefore  this  fuel  cost  is 

250  X  15,000  X  0.00685  =  $25,687.50. 

So,    also,    the    load    areas    EFD  =  DIG  =  CJB.     The    fuel 

M 
cost  during  one  of  these  load  areas  is,  since  A'  =  —  =  0.004M 

250 


CufdN  =    r-^^Xo.oo685^A^    ^  _  f 

J      ^  J   0.5(1  +0.004M)  ^' }  (i 


M  dM 


+  o.oo4ilf ) 
=  —  z^'^'^^J  (i  +  0.004M)  -  loged  +  o.oo^M) 

(0.004)2  L  J  25 

=  $2627.83. 
And  for  the  three  triangular  areas,  the  fuel  cost  is 
3  X  2627.83  =  $7883.49. 
Finally,  for  the  load  area  BALK,  the  fuel  cost  is 

BA  =  -  -^^1^1^(1  +  0.004M)  -  loge(i  +  o.oo4M)l 
=  $1829.81. 
Whence  the  total  fuel  cost  is 

25,687.50  +  7883.49  +  1829.81  =  $35,400.80, 
and  the  total  annual  production  cost  is 

35,400.80  +  14,769-36  +  4875  =  $57,045-16. 


124 
I  250 
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TABLE  97 
General  Summary 


Number  of  units 

Production  cost 

I 
2 
3 

4 

$57,669.36 

55,943  91 
55,341.06 
57,045    16 

It  is  evident  then  that,  under  the  conditions  assumed  in  the 
example,  three  units  will  give  the  best  economy,  while  to  have 
four  units  — only  one  too  many  — gives  nearly  as  poor  economy 
as  having  only  one. 

As  compared  with  one  unit,  the  three  units  save  in  total 
production  cost 

57,669.36  -  55,341-06  =  $2,328.30 

which  capitalized  at  5%  equals  the  very  neat  sum  of  $46,566. 
Under  the  conditions  assumed,  then,  a  three-unit  plant  would 
be  worth  $46,566  more  than  the  same  plant  with  only  one 
unit.  And  there  would  be  very  nearly  this  same  difference  in 
value  between  a  four-  and  three-unit  plant.  But  under  the 
conditions  assumed  in  this  example,  the  entire  plant  under 
the  worst  conditions  {U  =  o)  would  have  a  first  cost  of  only 
$50,000.  Therefore,  a  proper  choosing  of  the  number  of  units 
has  resulted  in  practically  doubling  the  value  of  the  plant' 

As  a  further  illustration  of  the  application  of  financial  en- 
gineering to  design  of  a  system,  we  give  the  following  com- 
paratively simple  example. 

146.  Example  62. — It  is  desired  to  install  a  pumping  plant 
of  1000  g.p.m.  capacity  to  pump  against  a  static  head  of  50  feet. 
Length  of  pipe  line  required  is  200  feet.  Determine  the  sizes 
and  types  of  each  part  of  the  system  for  the  following  operating 
conditions:  Length  of  service,  5  months  at  10  hours  per  day, 
cost  of  electric  power  if  used  2  cents  per  kw.h.,  cost  of  #  2 
distillate  6  cents  per  gallon,  interest  5%. 
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Solution:  i  (a)  Belted  Electric. — For  this  type  of  plant  we 
will  have: 

Cost  of  6"  belted  centrifugal  pump     $150.00 

Cost  of  25  h.p.  3  phase,  1800  r.p.m.  motor  with  rails 

and  pulley           390.00 

Cost  of  belt             21.00 

Cost  of  building  size  14'  X  22'     345-oo 

Cost  of  foundations           35-0° 

Total     $941.00 

The  power  consumed  based  on  a  pump  efificiency  of  60% 
and  belt  efificiency  of  85%  will  be  24.7  h.p.  at  the  motor. 

I  {h)  Direct-connected  Electric. — In  this  case,  we  will  have: 
Cost  of  6"  centrifugal  pump  with  sub-base  and  flexible 

coupling  for  direct  connection  $300.00 

20  h.p.  3  phase,  220  volt,  1200  r.p.m.  motor  less  rails 

and  pulley  410.00 

Foundations      20.00 

Cost  of  building  11'  X  14'        190.00 

Total     $920.00 

The  power  consumed  at  the  motor  is  guaranteed  at  20  h.p. 

Comparison. — A  comparison  shows,  at  once,  that  the  cost 
of  this  part  of  the  installation  is  practically  the  same  in  either 
case,  the  reduced  size  of  building  fully  offsetting  in  the  latter 
case  the  increased  cost  of  the  direct-connected  pump.  But 
the  life  of  the  direct-connected  pump  and  motor  is  considerably 
greater  than  the  belted  pump  and  motor,  due  to  the  absence  of 
belt  strains,  while  the  life  of  the  belt  is  always  comparatively 
short.  Besides  this  we  have  a  saving  in  the  latter  case  of 
approximately  5  h.p.  costing  loc  per  hour  or 

o.io  X  10  X  150  days  =  $150  per  year, 

having  a  vestance  of  $3000. 

There  is  therefore  no  question  of  our  deciding  in  favor  of 


306  DETERMINATION  OF  TYPE  AND   SIZE  OF  UNITS 

the  direct-connected  over  that  of  the  belted  outfit.     In  fact 
the  latter  would  be  rather  a  liability. 

(2)  Oil  Engine  Plant. — In  this  case,  we  will  have: 

Cost  of  6"  belted  centrifugal  pump $150.00 

"     "25  h.p.  semi-Diesel  oil  engine 1200.00 

"     "  belt 22.00 

"     "  building  16'  X  28' 500.00 

"     "  foundations 180.00 

Total  cost $2052.00 

Cost  of  Operation — Engine  Plant. — The  full  25  h.p.  will  be 
required.  At  0.6^  of  fuel  oil  guaranteed  per  h.p.h.,  the  engine 
will  consume  15^  or  2  gallons  of  oil  per  hour  costing  12c.  This 
gives  a  cost  of  0.12  X  10  X  150  days  =  $180  per  year  (5  mo.). 

Cost  of  attendance  per  year         =  $60 
oil,  waste,  and  supplies  =    50 


I  i     i  I 


The  total  operating  cost  is  then 

180  -f  60  +  50  =  $290. 

Cost  of  Operation,  D.C.  Electric  Plant. — The  output  of  the 

motor  was   20  h.p.  With  a  guaranteed  efficiency  of  89.5%, 

this  gives  an  imput  requirement  of  22.34  h.p.,  costing  44.68 
cents  per  hour  or 

0.4468  X  10  X  150  days  =  $670.20  per  year  (5  mo.) 
Cost  of  attendance  =       33 -oo 

"     "  oil  and  waste         =       21.60 

Total  per  year  (5  mo.)  =  $724.80 

A  comparison  shows  that  the  first  cost  of  the  engine  plant 
is  considerably  over  twice  the  first  cost  of  the  direct-connected 
electric  plant,  but  the  cost  of  operation  of  the  former  is  con- 
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siderably  less  than  half  that  of  the  latter.  To  determine  the 
comparative  value,  and  thus  reach  a  decision,  we  proceed  as 
follows: 

TABLE  98 
Direct-connected  Electric  Pumping  Plant 


Item 

Pump 

Motor 

Foundation 

Building 

Total  depreciation  vestance 


Cost  (C) 


Life,  years 


Term  factor 


Depreciation 

vestance, 

C  ^  T 


5300 .  00 

410.00 

20.00 

190.00 


25 

25 

Permanent 

15 


o . 70469 
o. 70469 
I . 00000 
0.51897 


00 

581.00 

20.00 

367.00 


51394.00 


Cost  of  operation  $724.80  per  year,  giving  an  operating  vest- 
ance of 

724.80  -^  0.05  =  $14,496. 


The  total  vestance  is  then 

^,496  -f  1394  =  $15,890. 


Oil  Engine  Plant. 


TABLE  99 


Item 

Pump 

Engine 

Belt 

Building 

Foundation 

Total  depreciation  vestance 


Cost  (C) 


i|5i5o.oo 

1 200 .  00 

22.00 

500 . 00 

180.00 


Life,  years 


15 

IS 

5 

15 
Permanent 


Term  factor 


•51897 
■51897 
■25275 
■51897 
. 00000 


Depreciation 

vestance, 

C  ^  T 


$289.00 

2320.00 

87.00 

966 . 00 

180.00 


The  total  cost  of  operation  per  year  was  $290,  giving  an 
operating  vestance  of 

$290  -^  0.05  =  $5800. 
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The  total  vestance  is  then 

3842  +  5800  =  $9642 

as  compared  with  a  total  vestance  of  $15,890  for  the  direct-con- 
nected electric  plant.  The  value  of  the  engine  plant  as  com- 
pared with  the  electric  plant  is  as  15,890  to  9642  or  1.55.  That 
is  the  engine  plant  is  worth  a  little  over  1.5  times  as  much  as  the 
electric  plant. 

Should  we  use  #  i  distillate  in  the  engine  costing  8  cents  per 
gallon,  instead  of  the  7^  2  distillate,  our  fuel  cost  per  year  would 
increase  $60,  corresponding  to  an  increase  in  operating  vestance 
of  $1200. 

The  total  vestance  under  these  conditions  would  be 

9642  +  1200  =  $10,842, 

remaining  still  far  superior  to  the  electric  plant.  Our  decision 
on  this  part  of  the  plant  must  then  be  in  favor  of  the  oil  engine 
pumping  equipment. 

Discharge  Piping. — The  first  problem  here  would  be  to  decide 
on  the  class  of  pipe  to  be  used,  i.e.,  standard  wrought  iron,  cast 
iron,  riveted  steel  or  wood  pipe.  We  have  been  present  many 
times  when  the  representatives  of  the  manufacturers  of  each 
class  have  argued  the  merits  of  their  own  and  sometimes  the 
demerits  of  other  classes.  Such  special  pleading,  however, 
gets  us  nowhere.  The  tendency  of  city  councils  is  usually  to 
buy  as  expensive  pipe  as  they  can  or  think  they  can  afford. 
But  the  question  is  merely,  which  will  render  the  service  cheapest. 

In  this  case  we  have  a  very  low  head  to  pump  against.  Pipe 
strong  enough  to  stand  very  high  heads  is  therefore  entirely 
unnecessary.  The  cost  of  operation  of  pipe  is  the  cost  of  the 
friction-horse-power  consumed  by  the  pipe.  This  is  lowest 
for  wood  pipe.  Under  such  conditions,  we  should  decide  on 
planed  machine-banded  wood  pipe. 

We  must  now  determine  the  proper  size  of  this  pipe  as 
follows : 
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We  have  found  that  the  cost  of  operation  per  year  (150  days 
@  10  hrs.)  was  $290  total.     The  cost  per  hour  is  then 

290  ^  1500  =  $0.1933, 

and  the  cost  per  h.p.h.  is 

0-1933  ^  25  =  $0.00773, 

whence  we  determine  as  follows: 


TABLE  100 
Machine-banded  Wood  Pipe  for  iooo  G.p.m.  and  so-Inch  Head 


Size, 
in.  dia. 

Cost  (O 
per  100  ft. 

Life, 
years 

Depre- 
ciation 
vestance 

Friction 
head,  feet 
per  100  ft. 

Friction 
h.p. 

operating 
vestance 

Total 

vestance 
per  100  ft. 

6 

$20.50 

25 

2Q.  ro 

10.30 

5-150 

$1198.00 

$1227.10 

8 

25-25 

25 

35-80 

2-51 

1-255 

292.00 

327.80 

10 

33  25 

25 

47.20 

0.83 

0.415 

96.  20 

143-40 

12 

37-75 

25 

53-5° 

0-34 

0.  170 

39  50 

93.00 

14 

48.00 

25 

68,10 

0. 16 

0.080 

18.56 

86.66 

16 

62.00 

25 

88.00 

0.09 

0.045 

10.44 

98.44 

An  inspection  shows  that  the  total  vestance  is  a  minimum  for 
14"  pipe,  this  size  giving  best  financial  efficiency.  For  1000 
g.p.m.  and  prices,  etc.,  as  listed,  this  size  is  best,  irrespective  of 
the  length  of  the  line.  For  more  expensive  pipe,  a  smaller 
size  would  give  best  financial  efficiency. 

It  has  been  customary  in  an  installation  of  this  type  to  use 
eight  inch  pipe  as  best.  But  it  is  evident  that  with  this  size  of 
pipe,  the  conveyance  of  the  water  would  cost  us  nearly  four 
times  as  much  as  with  fourteen  inch  pipe. 

The  effect  of  increased  power  cost  is  to  force  us  to  use  larger 
pipe,  while  decreased  power  cost  permits  us  to  use  smaller 
pipe  for  best  financial  efficiency.  It  is  just  as  great  an  error 
to  use  too  expensive  equipment  as  too  cheap. 

We  have  now  completed  all  of  the  plant  except  intake  canal, 
screen  and  trash  racks,  suction  pipe,  check  valve  and  hand 
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primer,  together  with  necessary  increasers,  bolts,  gaskets, 
flanges,  etc. 

These  items,  exclusive  of  the  check  valve,  amount  to 
$187.50. 

The  check  valve  offers  a  special  problem.  If  a  six  inch  swing 
check  is  used,  it  will  introduce  a  friction  head  of  5.1  feet  cost- 
ing $12  per  month  for  power.  This  amount  is  enormous,  being 
over  10%  of  the  total  power  required.  The  use  of  a  larger  check 
valve  will  help  some  as  shown  in  the  table  below. 

TABLE   1 01 
Swing  CirECK  Valve,  iooo  G.p.m.  Capacity 


Size 
in.  dia. 

Cost  (C) 

Life, 

years 

Depre- 
ciation 
vestance 

Friction 
head 

Friction 
h.p. 

Operating 
vestance 

Total 
vestance 

6 

$18.90 

25 

26.90 

51 

2.65 

S615.OO 

$641.90 

8 

31   50 

25 

44.90 

I    25 

0.625 

145.00 

189.90 

10 

42.00 

25 

59.60 

0.41 

0-255 

59.20 

118.80 

12 

63.00 

25 

89.50 

0.17 

0.085 

19.80 

109.30 

14 

84.00 

25 

119.60 

0.08 

0.04 

930 

128.90 

This  analysis  shows  that  the  twelve  inch  check  valve  is  best. 
But  if  this  is  so,  then  the  discharge  nozzle  of  a  1000  g.p.m.  pump 
should  be  twelve  inch  instead  of  six  inch,  with  a  corresponding 
increase  in  the  size  of  the  diffuser  and  suction.  The  better  thing 
to  do  would  be  to  use  a  gate  valve  in  which  the  friction  is  practi- 
cally zero,  when  the  gate  valve  is  wide  open  as  it  will  always  be 
when  the  pump  is  in  operation.  The  gate  valve  will  serve 
perfectly  well  for  priming  as  well  as  the  check  valve.  In  case 
of  stoppage  of  the  engine,  there  will  be  nothing  to  prevent  a 
reversal  of  the  flow  in  the  pipe  line.  If  the  end  of  the  discharge 
is  above  the  water  line  in  the  reservoir  or  canal,  this  reversed 
flow  can  be  limited  to  the  water  in  the  pipe  line,  and  thus 
amount  to  ver}^  little.  We  should,  in  this  installation,  choose  a 
six  inch  gate  valve  placed  directly  on  the  nozzle  of  the  pump, 
costing  $24.50,  and  having  a  total  vestance  of  $34.40  instead  of 
$109.30  for  the  best  check  valve. 
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TABLE  I02 
Summary  of  Plant  Items  (All  Costs  Installed) 


Item 


Pump 

Engine 

Belt 

Building 

Foundation . 

Piping 

Gate  valve. . 
Incidentals. . 


Size 


6" 
25  h.p. 

8" 

i6'X28 

1 2  yds. 

i4"X2oo' 

6" 


First  cost 


Depre- 
ciation 
vestance 


$150.00 

1200.00 

22.00 

500.00 

180.00 

96.00 

24   50 
187.50 


$289.00 

2320.00 

87.00 

966.00 

180.00 

136. 20 

34  40 

211 . 20 


H.p. 


I  Operating 
cost  per      Vestance 
year 


75 


08 


Total 
vestance 


$243.60    $4872.0055161.00 

I    2320.00 

870.00 


43-50 


0.93 


Totals i$236o.oo$4223.8oi24.83  l$288.o3    $5750.60 


18.60 


95700 
966.00 
180.00 
154.80 
34  40 
211 . 20 


•40 


There  is  still  one  item  open  to  discussion  in  the  above  and 
that  is  the  belt,  this  Httle  item  of  $22  costing  S957  in  vestance. 
The  only  substitute  we  could  here  use  would  be  a  silent  chain 
drive  or  reduction  gear  running  in  oil,  together  with  a  common 
sub-base  for  engine  and  pump.  The  efficiency  of  such  trans- 
mission is  guaranteed  at  98%  and  will  cost  Si 60  for  the  base  and 
$120  for  the  transmission.  Under  these  conditions  we  would 
have  the  following: 

TABLE  103 


Item 

First  cost 

Life,  years 

Depre- 
ciation 
vestance 

Operating 

cost  per 

year 

Operating 
vestance 

Total 
vestance 

Base 

Transmission. . . . 

$160  00 
120.00 

Permanent 
15 

$160.00 
232.00 

§3-58 

$71.60 

$160.00 
303 • 60 

Total   

$280.00 

$392.00 

$3-58 

$71.60 

$463 . 60 



But  with  such  an  outfit  we  could  reduce  the  size  of  the 
building  from  16'  X  28'  to  14'  X  18'  costing  S285,  with  a 
depreciation  vestance  of  S440.  This  represents  a  saving  of 
vestance  on  the  smaller  building  required  of 

966  —  440  =  S526 

more  than  offsetting  the  vestance  of  the  direct  geared  trans- 
mission and  sub-base.     We  would  therefore  decide  in  favor  of 
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this  drive.  There  is  also  a  saving  of  two  yards  in  foundation 
to  be  taken  into  account  on  this  design.  Under  these  condi- 
tions our  plant  items,  costs,  and  vestances  would  be  as  follows: 

TABLE  104 
Final  Summary  of  Plant 


Item 

Size 

First  cost 

Depre- 
ciation 
vestance 

H.p 

used 

Operating 

cost  per 

year 

Operating 
vestance 

Total 
vestance 

Pump 

Engine 

Base       

6" 
25  h.p. 

$150.00 

I 200 . 00 

160.00 

1 20 . 00 

285.00 

150.00 

Q6.00 

24.50 

187.50 

$289.00 
2320.00 
160.00 
232.00 
440 . 00 
1 50 . 00 
136.20 
34  40 
211.20 

21.00 
0.05 
0.08 

$243 . 60 
'3.58 
0.93 

$4872.00 
71.60 
18.60 

$5161.00 

2320.00 

160.00 

Transmission 

Building 

Foundation . . 

Piping 

Gate  valve. . . 
Incidentals .  . 

14'  X  18' 

10  yds. 

14"  X  200' 

6" 

303 . 00 
440 . 00 
I 50 . 00 
154.80 
34  40 
211. 20 

Totals. . .  . 

$2373.00 

$3972.80 

21.13 

$248.11 

$4962.20 

$8935 . 00 

We  have  by  the  substitution  of  the  direct  geared  drive  above 
reduced  the  total  vestance  by  over  $1000  and  by  so  doing 
reduced  the  cost  of  the  service  more  than  10%.  The  above 
plant,  the  product  of  scientific  cost  analysis  as  applied  to  this 
simple  design,  has  a  total  vestance  less  than  one-third  as  great 
as  the  average  best  plants  installed,  i.e.,  the  total  service  cost  of 
the  plant  is  less  than  one-third  of  that  found  in  the  best  plants 
of  this  size,  and  possibly  one-fifth  of  the  average  plant  installed. 

147.  Example  63.  Design  a  iioo  kw.  power  plant  assuming 
interest  5%,  land  50  cents  per  square  foot,  fuel  oil  $1.75  per 
barrel  (320?^),  coal  $4  per  ton;  on  the  basis  of  18,500  B.t.u. 
per  pound  for  the  oil  and  12,000  B.t.u.  per  pound  of  coal.  The 
conditions  of  use  are  full  load  for  3000  hours  per  year. 

Solution:  Eleven  hundred  kilowatts  equals  approximately 
1500  h.p.  At  90%  mechanical  efficiency  and  direct  drive,  this 
would  demand  a  1700  i.h.p.  engine.  The  question  at  once 
arises  as  to  what  type  of  an  engine  we  should  use.  We  have 
for  consideration  (i)  internal  combustion  motor  and  (2)  steam 
engine  {a)  condensing  or  {h)  non-condensing  and  (3)  steam 
turbine  {a)  condensing,  {h)  non-condensing. 
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piping .  . 
"     "  building. 


(i)  Internal  Combustion  Motor.  Of  this  size  we  can  con- 
sider with  profit  only  the  Diesel  engine  and  the  producer  gas 
plant. 

(a)  In  the  case  of  the  Diesel  plant,  we  have 

Cost  of  Diesel  engine $120,000.00 

"     "  direct-connected  generator 16,000.00 

1,000.00 

6,000.00 

"     "  foundations 5,000.0c 

Switchboard  and  auxiliaries 3,000.00 

Total $151,000.00 

The  engines  are  guaranteed  at  0.43^  per  h.p.h.  or  two  bar- 
rels per  hour,  costing  $3.50.  Whence  the  cost  per  year  of  the 
fuel  is  $10,500.00. 

Cost  of  attendance  per  year $2,000.00 

"     "  maintenance  per  year 1,350.00 

"     "  oil,  waste,  etc 1,650.00 

Total $15,500.00 

Operating  cost  per  h.p.  year,  $10.33^. 

Assuming  the  hfe  of  the  Diesel  engine,  switchboard,  and 
auxiliaries  at  15  years,  that  of  the  generator,  building,  and 
piping  at  25  years,  we  may  tabulate  as  follows: 

TABLE  105 
Summary — Diesel  Engine  Plant 


Item 

First  cost 
erected 

Depreciation 

vestance 

H.p. 

Operating 

cost  per 

year 

Operating 
vestance 

Total 
vestance 

Engines .... 
Generator.  . 

Piping 

Building. . . , 

$120,000.00 
16,000.00 
1,000.00 
6,000.00 
5,000.00 
3,000.00 

$231,230.00 
22,700.00 
1,420.00 
8,520.00 
5,000.00 
5,790.00 

1500 
20 

$15,500.00 
206.67 

- 

$231,230.00 
332,700.00 
1,420.00 
8,520.00 
5,000.00 
9,023.00 

$310,000.00 

Foundation. 

Auxiliaries . . 

4,133   00 

Totals... 

$151,000.00 

$274,660.00  1520 

$15,706.67 

$314,133.00  $588,793.00 

314 


DETERMINATION  OF  TYPE  AND  SIZE  OF  UNITS 


(b)  For  the  producer  gas  plant,  we  would  have: 

Cost  of  engines  erected $75,000.00 

' '     ' '  producers   "      10,800.00 

"     "  generator    "     16,000.00 

"     "  piping,  starter,  switchboard,  etc 7,000.00 

"     ' '  building 10,500.00 

* '     "  foundations 6,500.00 

Total $125,800.00 

The  producer  plant  is  guaranteed  to  produce  a  br.  h.p.h.  at 
the  engines  on  0.75  #  of  coal  or  a  total  of  1125^  per  hour,  or 
5.625  tons  per  day  of  10  hours.  Allowing  a  standby  loss  of 
4%,  this  would  mean  a  total  consumption  of  5.85  tons  per  day 
or  1755  tons  per  year,  costing  $7022  per  year. 

For  operating  costs  per  year,  we  have: 

Fuel  cost $7,022.00 

Attendance 10,000.00 

Maintenance 1,800.00 

Oil,  waste,  etc 2,078.00 

Total $20,900.00 

Cost  per  h.p.  year  =  $13,93!. 

Assuming  a  life  of  20  years  on  the  engine  and  producer, 
25  years  on  the  generator  and  building  and  15  years  on  the 
starter,  switchboard,  etc.,  we  may  summarize  as  follows: 


TABLE  106 
Summary  Producer  Gas  Plant 


Item 

First  cost 

Depreciation 
vestance 

H.p. 

Operating 

cost  per 

year 

Vestance 

Total 
vestance 

Engine    and 
producer. . 
Generator .  . 
Auxiliaries. . 
Buildins. . . . 

$85,800.00 

16,000.00 

7,000.00 

10,500.00 

6,500.00 

$137,500.00 

22,700.00 

13,500.00 

14,900.00 

6,500.00 

1500 
20 

$20,900.00 
278.67 

$137,500.00 

440,700.00 

19,073.00 

14,900.00 

6,500.00 

$418,000.00 
5,573- 00 

Foundation 

Totals... 

$125,800.00 

$195,100.00 

1520 

$21,178.67 

$423,573  00 

$618,673.40 

GAS   ENGINE  VS.   STEAM   PLANT 
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A   comparison   shows   that   under 
the  comparative  value   (valuance)  of 
greater.     We  should  therefore  decide 
a  very  small  margin. 

ic)  We  have  now   to  consider   the 
type  of  plant,  we  have  costs  as  follows: 


Cost  of  boilers 

turbo-generators . 

building 

foundations 


piping 

stokers 

ash  conveyor 

coal         "       

condensers 

auxiliaries 

stock  and  breeching . 

Total 


the    conditions   assumed, 

the  Diesel 

Plant  is  5% 

in  favor  of  the  latter  by 

steam  plant.     For   this 

Life  in  Years 

$13,500 

25 

20,500 

25 

10,500 

25 

6,500 

Permanent 

6,000 

15 

7^500 

15 

1,000 

15 

7' 500 

$5 

5,600 

25 

2,500 

r5 

3.400 

15 

,500 


If  the  plant  is  guaranteed  to  produce  a  h.p.h.  on  1.5  i^  of 
this  coal,  then  the  consumption  per  hour  will  be  2250^,  to 
which  must  be  added  10%  for  standby  losses  and  auxiliary 
machinery,  making  a  total  of  2475 #  or  1.2375  ton  per  hour. 
This  means  a  consumption  of  3700  tons  per  year  at  $4  per   ton. 

We  have  then: 

Cost  of  fuel  per  year $14,800 

"     "  attendance 10,000 

"     ' '  maintenance 1,200 

"     * '  oil,  waste,  etc 1.500 

Total $27,500 


Cost  per  h.p.  year  =  $18. 33^. 

We  may  then  summarize  as  follows: 
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DETERMINATION   OF  TYPE   AND    SIZE   OF   UNITS 


TABLE  107 

SUMMAKY   OF   SXEAM   PLANT 


Item 


First  cost 


Depreciation 
vestance 


H.p. 


Operating 

cost  per 

year 


Vestance 


Total 
vestance 


Boilers 

Turbo-gener- 
ators   

Building. . .  . 

Foundations 

Piping 

Stokers 

Ash  convey- 
ors   

Coal  convey- 
ors   

Condensers . 

Auxiliaries. . 

Stack,  etc.. . 

Totals. . . 


t.13,500.00 

20,500.00 

10,500.00 

6,500.00 

6,000.00 

7,500.00 

1,000.00 

7,500.00 
5,600.00 
2,500.00 
3,400.00 


1519,200.00 

29,200.00 

14,900.00 

6,500.00 

8,520.00 

14,500.00 

1,930.00 

14,500.00 
7,960.00 
4,820.00  ^ 
6,570.00 


Sl9,200.00 


1500  $27,500.00 


5550,000.00'    579,200.00 
14,900.00 
6,soo.oo 


90       1,650.00 


33,000.00 


$128,600.00     !i59o  $29,150,001  $583,000.00 


85,230.00 


6,570.00 


ai,6oo.oo 


Comparison  of  this  plant  with  the  Diesel  shows  that 

(a)  The  Diesel  plant  has  a  first  cost  1.79  times  as  much 

(b)  But  its  comparative  value  is  21%  greater  than  the  steam 
plant. 

PROBLEMS 

1.  Design  a  steam  plant  of  1000  h.p.  size,  to  operate  at  full  load  for  3000 
hours  per  year,  so  that  each  part  will  operate  at  maximum  financial  effi- 
ciency, assuming  interest  rate  5*^^,  coal  S4  per  ton,  with  a  heat  value  of 
5.4  h.p.h.  per  pound. 

2.  A  pipe  is  to  carry  10,000;^'  steam  per  hour  to  a  condensing  steam  engine. 
The  heat  costs  0.15  cent  per  h.p.h.  Taking  into  consideration  the  loss  in 
radiation  and  the  loss  of  available  heat  due  to  drop  in  pressure,  determine 
the  proper  size  of  pipe  for  maximum  financial  efficiency. 

3.  Taking  the  costs  of  pipe  as  given,  and  taking  into  consideration 
radiation  and  pressure  losses,  determine  the  pressure  of  steam  to  be  used 
for  conveying  heat  to  a  condensing  engine  for  best  financial  efficiency 
irrespective  of  other  than  transmission  considerations. 

4.  A  small  electric  generating  plant  is  to  carrj^  a  50  kw.  load  for  2000 
hours  per  yard  and  a  25  kw.  load  for  another  1000  hours  per  year.  Design 
the  plant  for  best  financial  efliciency,  assuming  interest  rate  5%,  coal 
(5.4  h.p.h.  per  lb.)  at  $5  per  ton,  fuel  oil  (7.3  h.p.h.  per  lb.)  at  $1.85  per 
barrel,  distillate  (7.7  h.p.h.  per  lb.)  at  25  cents  per  gallon. 


PROBLEMS  317 

6.  In  problem  (4),  what  would  be  the  average  cost  per  kw.h.  produced? 
What  would  be  the  true  cost  per  kw.h.  during  each  period? 

6.  A  steam  turbo-generating  plant  carries  a  load  as  given  by  the  equation 

M  =  1000  +  o.kN. 

Taking  into  consideration  the  variation  in  efficiency  of  turbo-generators 
with  size  and  load,  and  all  other  costs,  determine  the  number  of  units 
required  for  maximum  financial  efficiency. 

7.  In  problem  6,  if  the  plant  consisted  of  one  unit,  how  would  it  compare 
in  value  with  best  design? 

8.  It  is  desired  to  install  a  pumping  unit  to  deliver  5000  g.p.m.  during 
May,  June,  and  July  and  2000  g.p.m.  during  August  and  September,  against 
a  fixed  discharge  head  of  50  feet.  Centrifugal  pumps  electrically  driven  are 
to  be  used.  The  pumps  are  set  to  stand  10  feet  above  the  water  at  the 
beginning  of  the  pumping  season.  From  then  to  August  ist  the  suction 
heat  increases  uniformly  to  20  feet  and  then  remains  constant  until  the  end  of 
the  season.  The  power  costs  1.5  cents  per  kw.h.  Choose  the  type,  size 
and  number  of  units  for  best  financial  efficiency. 


ANSWERS  TO   PROBLEMS 


Page  76,  Chapter  II 


Problem 

Number                            Answer 

I.  . 

.$328,430,000.00 

2.  . 

.$1884.50 

3- 

.  18.021  years 

4.  . 

.(a)   I II. 6  months 

(b)  $5580 

(c)  $1562 

5-- 

.$296.84 

6.. 

$747744 

7... 

.$623.18 

8... 

•I980.33 

9... 

.  (a)  $60,000 

(b)  $60,000 

10.  .  . 

.2.3618% 

II .  .  . 

.0.8409% 

12.  .  . 

.(a)  $300.00 

(b)  $278.61 

(c)  $249.99 

(d)  $211.66 

(e)  $160.41 

(f)    $91-81 

(g)  $00.00 

13... 

.  (a)  $75,000.00 

(b)  $63,925.25 

Problem 
Number 


14- 


15 
16. 

17- 


19. 
20. 
21 . 
22. 

23- 
24. 

25- 
26. 


Answer 

(c)  $51,357-75 

(d)  $36,676.50 

(e)  19,680.00 

(f)  $000.00 

.The    steel-brick    building    is 

best. 
The  wood  building  is  worth 

only  89.9%  as  much. 
.  1 1 .49  years. 
$191,265.00. 
.$228.50  difference  of  vestance 

in  favor  of  the  motor. 
.$472.00  difference  of  worth  in 

favor  of  the  motor. 
.  2.94  cents  per  h.p.h. 
.The  motor. 

.The  gas  engine  by  $44.20 
.2760  hours. 
.$391,542.00 
.$35,442.00 
.$178,800 
.$158,700 


Page  218,  Chapter  III 


I. . . .$2064.63 
2. . . .$6727.00 
3 $815,469.00 

4.  . .  .The  CorHss  engine  by  $17,435 

based  on  permanent  use. 

5.  . .  .The  Corliss  engine  by  $5435 

6.  . .  .  201.8  hours. 

7 ....  (a)  The  turbo-  generator  best 
by  $79,070.00 


(b)  $0.005844  per  kw.h.  for 

the  turbo-generator. 
.  (a)  The    turbo-generator    if 

best  by  $34,490 
(b)  $0.007766  per  kw.h.  for 

turbo-generator. 
.  Turbo-generator     is    always 

best. 
■$54-365 
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Problem 

Number  Answer 

II $18,432.00 

12.... $26,525 
13.  .  .  .$4,608,000 

14 (a)  $460.80 


Problem 
Number 


Answer 


10. 
II. 


(b)  Nothing. 
15. . .  .$21,056.00 
16. . .  .$19,129.00 
17. . . .  18,200.00 


Page  237,  Chapter  IV 


(a)  $973-oo 

(b)  $0.24325 

,(a)  A'i  =  273  +o.35iV 
136.5 


12. 
13- 


(b)    iV2    = 


N 


+  0-I75 


.540  hoars. 

.Extra  engine  best  by  $77.70 

per  year. 
.Extra  engine  best  by  $155.40 

per  year. 
.Extra  engine  best  by  $31.08 

per  year. 
.Turbine  unit  always  best 
.(a)  Ki  =  j2oLp  +o.6LaN 
nop 


(b)  A'2  = 


N 


+  0.6a 


.The  Diesel  plant  is  always 
better  than  the  hydro-elec- 
tric plant.  Steam  plant  is 
better  than  the  Diesel  for 
2500  hours  or  less  operation 
per  year. 

.$1,709.14 

.Ki  =  102  -f  o.43iVi-|-  o.TsNz 


14 

15 
16 

17 
18 

19 
20 


Ki    =   2^-12    -  0.32iVi 

.One  unit  with  reservoir  and 
continuous  operation  is  best. 
With  two  units  the  water 
cost  is  increased  27.1%  and 
with  the  three  units  the 
water    cost    is    increased 

47-1  %• 
.Use  the  10  h.p.  unit  at  half 

load.    It  is  best  by  $12.02 

per  year. 
.The  direct-connected  unit  is 

best  by  about  11%. 
.The  direct-connected  unit  is 

best  by  about  9%. 
.The  direct-connected  unit  is 

best  by  about  13%. 
.The  direct-connected  unit  is 

best  by  about  10%. 
.One  250  h.p.  d.c.  unit. 
.  Use     four     direct-connected 

units,  two  40  h.p.  and  two 

35  h.p. 
.Use  three  10  h.p.  d.c.  units. 


Page  264,  Chapter  IV 


(a)  A'l  =  50  +o.2iV 
/K^   ir         5  +  0.02  per  h.p. 
N 

(a)  Total  production  cost  per 

year  is  $900.00 

(b)  Unit     cost    first    period 

^^21    =    $0.0152 

(c)  Unit  cost  second  period 

Kn  =  $0.01776 


4- 


,  (a)  Total  production  cost  per 
year  is  $33,048.00 

(b)  K21  =  $0.00382 

(c)  K22  =  $0.01553 

.  (a)  Total  production  cost  per 

year  is  $1,322,200.00 
(b)  K21  =  $0.2711     per     car 
mile  of  load. 
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Problem 
Number 


Answer 

(c)   K22  =  $0.3687     per     car 
mile    of    load 

.  (a)  Total  production  cost  per 
year  is  $75,780.00 

(b)  Ki    =  $0.00268 

(c)  K22  =  $0.005707 

(d)  K23  =  $0.103825 

.$71-10 

.  (a)  Total  production  cost  per 
year  is  $1,030,589.30 


Problem 
Number 


K.2n  = 


K; 


Answer 

(b)  Average     unit     cost     is 

$0.00522 

(c)  The    true    unit    cost    is 

6. 25  (10.58+0.0024X2+ lologeX) 

; rr- r:- ho.002 

(5000— I0X+0.002+N2) 

.  .  (a)   Total  production  cost  per 
year  is  $40,772,020.80 

(b)  Average     unit     cost     is 

$0.1655 

(c)  The  true  unit  cost  is 

2.8?  2  —  2olog«N' 


50,000  —  5N 


+  O.I  +  0.00002N 


Page  287,  Chapter  V 


I ....  (a)  Total  production  cost  per 


(b)  K2 
where 


year  is  $171,590.00 
72.5 


M 


+  0.006. 


S  =  o.oi36!ogeN  —  0.0001048N  +  0.01142 

2. ...(a)  $858,682.72 

(b)  23,798,292  h.p. 

(c)  K2.=^  +  a 

M 


where 

S  =  o.oi361ogeN 


0.0000524N2+  0.01142 


3.  . .  .(a)  $613,491.37 

(b)  39,318,524  kw. 

(c)  So.  1056 

(d) 
„       2,07  —  0.0003N  ,  - , 

Kjn  =  —^ TT \-  0°I5  —  O.OOOOOlM 

M 

(e)  K„,aT  =  $0.011634 

(f)  Kmin   =  0.01055 


INDEX 


Account,  stock,  19 
Analysis,  cost,  i,  6 
Annual  operating  cost,  72-73 
Appreciation,  13,  39 
Attendance,  18 

cost  of  centrifugal  pumps,  100 

gas  engines,  1 74 

steam  engines,  99 

Basic  costs,  83-85 
Basis  of  rates,  4 
Belts,  217 
Boilers,  120 

performance  of,  1 24 

prices  of,  122-124 

vestance  of,  124-126 
Bondholders,  40 
Buildings,  cost  of,  203-204 

Canals,  cost  of,  206-207 
Capitalization  of  earnings,  1 2 
Centrifugal  pumps,  attendance  cost  of, 
140 

efficiency  of,  139-140 

operating  cost  of,  137-138 

prices  of,  130-137 

vestance  of,  141-153 
Change  points,  111-115,  118-120,  227 
Charges,  fixed,  7,  8,  221,  222,  226 
Collection,  7 
Comparative  value,  83 
Comparison  of  power  units,  182-186 
Compound  interest,  23 
Constant  full  load,  222-237 
Consumed,  materials,  18 
Consumption,  steam,  89-97 


Cost,  2 
analysis,  i,  6 
basic,  83-85 
data,  210-216 
determination,  5 
instantaneous  unit,  258 
minimum,  size  for,  268 
of  attendance,  1 74 

buildings,  203-204 

canals,  206-207 

dams,  205 

excavations,  207 

steam  installations,  205 

tunnels,  205 
operating,   7,  8,  68,  69,   72,   73,  89, 

137,  138,  159,  266,  267 
original,  11 
replacement,  11 
segregation,  i 
total  production,  228-230 
unit,  228-229 
Credit  vestance,  126-129 
Curve  of  best  use,  199 

Dams,  cost  of,  205 

Data,  cost,  210-216 

Depreciating  equipment,  present  worth 

of,  42-44 
Depreciation,  13 
rate,  34-38 
reserve,  15 
vestance,  46-49 
Design  for  best  economy,  6 
Determination  of  cost,  6 

rates,  4 
Diesel  engine,  efficiency  of,  175 
prices  of,  1 70-1 71 
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Diesel  engine,  xcstance  of,  i8o 
Distribution,  7,  20 
Division  of  service,  7 

Earnings,  capitalization  of,  12 
EiBciency  of  centrifugal  pump>s,  139,  140 

Diesel  engines,  175 

gas  engines,  173 

generators,  1 60-161 

motors,  159,  166 

steam  engines,  96-98 
Element,  time,  81,  82 
Employed  size,  127 
Engines  (see  steam,  gas,  producer  gas, 

oil,  and  Diesel  engines) 
Equity..  25-30 

Example  of  power  plant,  269-278,  312- 
316 

heating  plant,  278-287 

gas  power  plant,  294-306 

pumping  plant,  304-312 
Excavations,  cost  of,  207 
Excess  worth,  127,  128,  224 
Expenditure,  224-225 

Factor,  load,  222 

terms,  30-31 
Fixed  charges,  7,  8 

per  cent  of,  221,  222,  226 
Full  load,  constant,  222-237 
Future  service,  63-67 

Gas  engines,  attendance  cost  of,  174 
efficiency  of,  1 73 
prices  of,  168 
producer  (see  Producer) 
Generators,  efficiency  of,  160-161 
prices,  157 
vestance,  167 

Heating-plant  size,  278-287 
Hydro-electric  installations,  208-209 

Inadequacy,  14 
Individual  undertakings,  9 
Induction  motors  (see  Motors) 
Installations,  hydro-electric,  208-209 

steam,  cost  of,  205 
Instantaneous  unit  cost,  258 


Insurance,  18,  74,  75 
Integral  undertakings,  8,  9 
Interest,  13,  23 

Life,  16 

natural,  17 

operating,  17,  71 
Load,  constant  full,  222-237 

curve,  replot  for,  260-261 

factor,  222 

N-part,  255-256 

three-part,  253-255 

two-part,  240-252 
Location,  14 

Maintenance,  19 
Market  value,  11 
Materials  consumed,  18 
Modulus,  service,  256-260 
Motors,  efficiency  of,  159,  166 

operating  costs  of,  159 

prices  of,  154,  155,  157 

vestance  of,  164,  x88 

Natural  life,  1 7 
N-part  load,  255-256 
Number  of  units,  290-294 

Obsolescence,  14 
Oil  engines,  prices  of,  169 
vestance  of ,  176-180 
Operating  cost,  7,  8,  68-69 
annual,  72,  73 

of  centrifugal  pumps,  137,  138 
motors,  159 
steam  engines,  89 
variable,  266-267 
life,  17,  71 
vestance,  50,  68-71 
Oregon  rate,  186-187 
Original  cost,  1 1 

Part  load,  240-258 

Partial  vestance,  60-68 

Per  cent  of  fixed  charges,  221,  222,  226 

Performance  of  boilers,  124 

Pipe,  curve  of  best  use,  199 

prices  of,  189-193 

vestance  of,  194-203 
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Points,  change,  227 

Power  plant  examples,   269-278,  312- 

316 
Power  units,  comparison  of,  icS2-i86 
Present  worth  of  a  depreciating  equip- 
ment, 42-44 
Prices,  86,  127,  129 
of  boilers,  122-124 

centrifugal  pumps,  130-137 
gas  engines,  168 
generators,  157 
motors,  154,  155,  157 
pipe,  189-193 

producer  gas  engines,  170-171 
steam  engines,  87-88 
transformers,  158 
Principal,  25 

Producer  gas  power  plant,  294-306 
Production,  7 

cost,  total,  228-230 
Profit,  3 

Pumping  plant,  304-312 
Pumps  (see  Centrifugal) 

Rates,  basis  of,  4 

depreciation,  34-38 

determination,  5 

Oregon,  186-187 
Records,  84 
Replacement,  17 

cost,  11 

Replot,  260-261 
Reserve,  depreciation,  15 

Sale,  20 

Segregation,  cost,  i 
Service,  division  of,  7 
future,  63-67 
modulus,  256-260 
Shutdown,  289-290 
Size,  employed,  127 
for  least  cost,  268 
of  heating  plant,  278-287 
Steam  engines,  attendance  cost  of,  99 
change  points  for,  111-115,  118-120 
efficiency  of,  96-98 
operating  cost  of,  89 
prices  of,  87-88 


Steam  engines,  steam  consumption  of, 
89-97 
vcstance  of,  loo-iii,  115-118 
installations,  cost  of,  205 
Stock  account,  19 
Stockholders,  40 
Storage,  20 

Taxes,  18,  74-75 
Term  factor,  30-31 
Three-part  load,  253-255 
Tune  element  in  vestance,  81-82 
Total  production  cost,  228-230 
Transformers,  prices  of,  158 
Transmission,  7 
Tunnels,  cost  of,  205 
Two-part  load,  240-252 

Undertakings,  individual,  9 

integral,  8-9 
Unit  cost,  228-229 

instantaneous,  258 
Units,  comparison  of  power,  182-186 

number  of,  290-294 

Value,  3 
comparative,  83 
market,  ii 
wearing,  34 
Variable  operating  cost,  266-267 
Vestance,  45 
credit,  126-129 
depreciation,  46-49 
of  boilers,  124-126 
centrifugal  pumps,  141-153 
Diesel  engines,  180 
generators,  167 
motors,  164,  188 
oil  engines,  176-180 
pipe,  194-203 

steam  engines,  loo-iii,  1 15-118 
operating,  50,  68-71 
partial,  60-68 
time  element  in,  81-82 
total,  50-57,  58,  81 

Wearing  value,  34 
Worth,  excess,  127-128,  224 
present,  42,  44 
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